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ABSTRACT 
Mathematical consideration of the course of neutralization of a solution 
containing a strong base (e. g. NaOH) and a salt of a weak dibasic acid 
(e. g. Na 2 CO 3) with a strong acid 
(e. g. HCI) shows that first derivative of 
the potentiometric titration curve should contain three maxima. The first 
corresponds to neutralization of most of the hydroxide, the second and the 
third peak correspond to conversion of CO 
2- 
to HCO - and HCO to H CO (CO +H 0) 3332322 
respectively. 
Plots of (dE/dV) against Vol. of HCI (V) for sodium hydroxide containing 
different concentrations of Na 2 CO 3 using glass electrodes show an additional, 
unexpected maximum in the titration curves. This is not detected when 
ethanol (mole fraction > 0.2) or t-butanol (mole fraction> 0.1) are added, 
when the temperature is raised above 55 0 C, when hydrogen gas is bubbled through 
the solution or when the hydrogen gas electrode is used instead of the glass 
electrode. Change of solvent from H20 to D20 and change of cation from Na 
+ 
to K+ had no effect on the additional maximum, and also when back titrations 
of a solution of hydrochloric acid containing different concentrations of 
dissolved CO 2 with NaOH were carried out. 
The rate of addition of hydrochloric acid or, in other words, the 
rate of introducing CO 2 into the solution during the course of titration 
has an effect on the position of this unexpected maximum. This suggests 
that a kinetic stage is involved in formation of the maximum. The extra 
feature was not recorded when a trace of carbonic anhydrase was introduced 
into the titration solution. Computer simulation was carried out con- 
sidering the effect of slow kinetics of hydration of CO 2 on the form of the 
titration curve, but the only effect was on the height of the maximum for 
the conversion of H2 CO 3 to HCO 3 
There is strong evidence that the extra maximum is a result of formation 
of a complex of CO 2 and HCO 3' in the presence of H20 
(H 
3C206)' Assuming 
values for the equilibrium constant for this process, the appropriate 
equations were solved orl the computer to obtain titration curves identical 
to the experimental curves. Also the molecular structure of this new 
species was plotted by using an IBM/360/370 computer. 
Along with analysis of titration curves attempts were made to use liquid 
membrane electrodes, PVC membrane electrodes, Ag/Ag2CO3 electrodes, In direct 
potentiometric measurements of carbonate ions. Also isopiestic technique was 
applied to measure osmotic coefficients of K2 CO 3 and NaHCO 3 solutions. 
1. INTRODUCTION 
1.1.1. INTRODUCTION 
In view of the importance of the carbonate system to industrial, en- 
vironmental and biological studies, much relevant work has been performed 
and much information is available, so that the system is thought to be well 
understood. The carbonate system consists of different species of CO 21 
2- H2 CO 3' HCO 3, and CO 3* These species are in equilibrium and their amounts 
are dependent on the pH of the aqueous solution. 
The titration method, by obtaining the first derivative of potentiometric 
curve, has been used to investigate this system and determine the con- 
centration of different species. Titration of carbonate ions in the presence 
of hydroxide ions and dissolved carbon-dioxide in the presence of H+ ions 
were studied. An extra feature, which was present in both titration curves, 
was investigated and removed. Since CO 2 plays a central role in this 
investigation so it is important to describe aspects of its chemistry first. 
1.2.1. CARBON DIOXIDE IN NATURE: 
Carbon dioxide is the major end product of metabolism and is 
continuously produced by all cells in all tissues. It is the fourth 
most abundant gas in the earth's atmosphere amounting to some 0.0003 atm. 
(0-03% by mass). In spite of such a small fraction, it is as important as 
oxygen to life on earth. Carbon dioxide and oxygen pass through global 
cycles under the influence of energy imput from the sun. They par- 
ticipate intimately in the production and destruction of life. 
One important property for the development of life on the earth 
is the maintenance of the pH at around 7. Here carbon dioxide and its 
v 
chemical compounds occupy a central position of importance. 
2 
Fluctuations of carbon- dioxide in the atmosphere are principally 
due to photosynthesis in daylight hours, this fixes approximately 6x 10 
10 
tonnes (1) of carbon dioxide per year, and biological respiration and decay 
which release about the same amount. Without the oceans it is very likely 
that fluctuations of carbon-dioxide In the atmosphere would be far more 
pronounced. However, the oceans serve as a giant source and sink to 
attenuate the fluctuations. As Henderson pointed out, carbon dioxide is 
unique among the gases in distributing itself, in almost equal amounts 
per unit volume (2) , between air and water at ambient temperature. Thus 
it is constantly undergoing exchange between the atmosphere and the ocean. 
In the ocean, it forms a component of the world's largest buffer solution 
as shown in the, following reaction: 
Co (g) - CO (aq. )+H0 -w- H CO ý-- H++ Hco- -ANH 
++ CO 2- (1) 22223 
As a result of these reactions only a small percentage of total carbon-dioxide 
in sea water is presented as aqueous carbon-dioxide. Since the Industrial 
Revoluti*on, massive quantities of carbon dioxide have been injected into 
the atmosphere from the burning of fossil fuels, about 6x 109 tonnes per 
year (1). But the massive buffering capacity of the oceans makes it im- 
possible to state categorically, that a significant change in the atmosphere 
has taken place. However, any rise of concentration of carbon dioxide in 
the atmosphere will bring problems to mankind on the earth. Thus measurement 
of the carbon-dioxide in the solutions by direct titration with sodijum hydro- 
xide and analysis of the first derivative of potentiometric curves using 
a glass electrode and carbon dioxide electrode has great importance for 
environmental and industrial studies. 
Understanding the first derivative curves requires knowledge about 
the structure of carbon dioxide and carbonate ions, the solubility of 
carbon dioxide in water, velocity of hydration of carbon dioxide and kinetics 
of the reactions involved in the process, as described very briefly in the 
fol ]owing. 
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a) The structure (2) of carbon dioxide and the carbonate ion: 
The carbon dioxide structure is based on spectroscopic data on the 
molecule in the gas phase, whereas the structure for the carbonate ion 
has been determined by x-ray diffraction measurements on calcite crystals. 
When the molecules and ions are in aqueous solutions, the dimensions may be 
slightly different from those given below, but it is assumed such differ- 
ences, from values in figure (1) are small (2) 
. -I- 
120P-,, 
". 
coo"00900*0000*0 
I. 32-`ý-. C 32 
i. - 159 
1. 
Figure 1: Physical dimensions of carbon-dioxide and carbonate ions. 
Carbon-dioxide is a-symmetrical linear molecule with zero dipole moment. 
The C-0 distances, 1-159 0A, are shorter than those found in a typical 
CýO double bond (1.22 0 A) and indicate the contribution of resonance. 
The carbonate ion is planar and symmetrical, with three equivalent C-0 
bonds, intermediate in character between single and double bonds. When 
it binds a proton to form the carbonate ion, the three-fold symmetry is 
destroyed and the C- (OH) bond becomes longer, while the other two 
C -0 bonds acquire a more double-bond character and shorten. The 
addition of a second proton to form H2 CO 3 carries the process further. 
Even after both protons are bound, all the C-0 bonds still retain 
enough double-bond character to maintain the planar triangular arrangement 
of carbon and three oxygens. Thus when carbon dioxide is hydrated to 
form H2 CO 3 or HCO 3 the two 
C-0 bonds must lengthen and must bend 
towards one another, the angle between them decreasing from 180 
0 to 
0 about 120 , as shown in figure 1. 
The slowness of hydration and 
dehydration reactions must be associated with the necessity of making 
these electronic rearrangements. 
4 
b) Solubility of carbon dioxide 
When carbon -dioxide dissolves in water, it is present almost entirely 
as unhydrated carbon-dioxide. Little information is available about 
interactions between carbon dioxide molecules and the surrounding water 
molecules. Perhaps carbon dioxide molecules induce an orientation of 
the water molecules around them, either by electrostatic interactions 
or by hydrophobic bonding or something analogous to it. Although the 
molecule as a whole is non-polar, each of the two C-0 bonds may act 
as a small dipole, with the oxygen at the negative end, and these dipoles 
could attract and orient surrounding water molecules. 
The higher relative solubility of carbon dioxide for certain organic 
compounds such as ethanol in comparison to water shows that the affinity 
of carbon dioxide for hydrophobic polar solvent is greater than for water (2). 
This helps us to understand the effect of alcohol and tetra methyl ammonium- 
chloride (TMACI) addition in titrations. However, the carbon-dioxide mole- 
5 
cule dissolves much more rýadily in water than most gases do; it dissolves 
even better in hydrophobic solvents and it dissolves most readily of all in 
solvents that contain polar groups, with 
t-6 dipoles adjoining non-polar 
residues. 
c) Kinetics 
The neutralization of carbon dioxide Is a slow process compared with 
that of other weak acids. This is because only a small fraction of 
dissolved carbon-dioxide exists in the hydrated form of H2 CO 3* Two 
mechanisms for neutralization of dissolved carbon dioxide are summarised 
be I ow. Which mechanism predominates is determined by the pH of the 
solution. At pH lower than 8 the predominate mechanism is via direct 
hydration: 
Co 2+H20ý -W- H2c03 
5 
H2 Co 3+ OH- - HCO 3- +H 20 
(I. nstantaneous) 
The rate law is pseudo-first order 
-d(CO 2 )/dt=k Co 2 
(CO 2), k Co 2=0.03-s- 
1 (mol/])-l (4) 
At pH higher than 10, direct reaction with OH- predominates: 
-ý, HCO Co 2+0H Kl- 3 
HCO 3+ OH - CO 2+H2 O(instantaneous) 
with the rate law: 
-d (CO 2 )/dt=k OH' 
(OH-) (CO 2), koH - 8500 s- 
1 (MOI/1)- 
In the pH range 8-10, both mechanisms are important. 
04L 
There are corresponding dehydration processes for two slow reactions 
above: 
H2 Co 3ýH20+ CO 2'kH2 Co 3z3 
k Co 2* 
K =20 s- 
1 (m01/0-1 
HCO 3- OH + CO 2 
k- -1 HCO 3 : -- k OH* K. K wAa =0.0002 s 
(mol/l) (10) 
For the equilibrium: H2 CO 3 -- CO 2+H20, 
K =((CO 2) /(H 2CO3 ))=((k H2 CO 3 )/(kCo 2)= 
ca. 6oo(3) (11) 
A consequence of this equilibrium is that the true ionization constant of 
H2 CO 3" 
(K 
a= 
(H + )(HCO 
3 
)I(H 
2 CO 3 must be much greater than the apparent 
constant listed as KI for carbonic acid dissociation constant: 
K =(H+) (HCO-)/(CO +H co ) =4.45xl 0-7 moil, (12) 13223 
As the observed ionization originates from only a small fraction of the 
total carbon dioxide constant, it can easily be shown that: 
v 
Ka=K1 (1 + K) =ca. 2-5xlO- 
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1.1-3. A BRIEF REWIEW OF PREVIOUS WORK ON TITRATION OF 
THE CARBONATE SYSTEM: 
As was mentioned before, because of importance of the carbonate system, there 
have been many attempts made to understand the system and attempts have been made 
particularly to analyse the titration curves. In 1963 R. H. Stokes(4) in- 
troduced a general equation for the relation between pH and stoichiometric 
t degree of neutralization in the titration of monoprotic and diprotic weak 
acids (or bases) with strong base (or acid). From these equations, the 
number and positions of inflexion points in the curves are derived and their 
relation to equivalent points was shown. Also application of the Gran plot 
method of determination of end-point of titration curves of pH vs. volume 
of strong acid have been described by Stumm and Morgan(5). The relationship 
between titration inflexion point in titration curves, buffer capacity and 
equivalence point was discussed by Loewenthal and Marais(6). Also the 
log(species) - pH diagram titration curve and buffer capacity diagrams 
were given-in reference (6). Very recently the use of a logarithmic diagram 
for the estimation of. the pH value at the equivalence point and the 
titration error when one or two acids are titrated with standard alkali 
has been described by Wgnninen(7). 
1.2.1. TITRIMETRIC ANALYSIS, CLASSIFICATION AND ITS AUTOMATION 
Titrimetric analysis is basically a technique for measuring the con- 
centration of a solution. In the most straightforward applications, 
there are solutions of each of two reagents which react together 
stoichiometrically. A measured volume of one solution (titrand) is placed 
in the titration cell, and the other solution (titrant) is added from a 
burette. At some particular stage the reaction will have occurred exactly 
according to 
ihe 
stoichiometry, and neither reagent will be in excess. 
This is called the stoichiometric point. If the concentration of one of 
the solutions is known, the concentration of the other can be calculated 
om the values of the reacting solutions at the stoichiometric point 
Olid from the stoichiometric equation. 
Titrimetric methods may conveniently be classified into four groups 
which include most of the major applications in use at the present 
4ime as follows: 
a) Acid-base titrations; 
b) Complexometric titrations; 
C) Precipitation titrations; 
d) Redox titrations. 
Of these, the first are the most commonly used. However, the principles 
underlining each of the above four classes are similar. 
The colour change which occurs in the solution is detected 
visually in classical methods of titrimetric analysis to detect the 
end-point of the titration. Such a process has certain limitations. 
Favourable working conditions are required as well as experimental 
, adroitness. 
In some cases a suitable indicator cannot be found, for 
Instance where the solution is dark or coloured or the reactions involved 
in the titration process are slow the visual determination of the end- 
point is difficult. 
Instrumental methods of end-point detection not only enable one 
to overcome these and other similar difficulties, but are also preferable 
because they lead to greater precision. Many extensive physical 
quantities can be measured,. hence the large number of electrochemical, 
optical and radiochemical methods which can be applied for end-point 
detection in titrimetric analysis. The titrant is added in small 
Increments and after each addition the extensive physical quantity is 
'measured. 
The. titration is generally carried out past the equivalence 
; point, when the build-up of excess titrant can be measured. The 
8 
titration curve is constructed from the results and the end-point 
determined graphically. 
Automatic titrimeters can be constructed based on many instrumental 
methods of end-point detection. Thus, potentiometric, conductometric, 
amperometric, radio-frequency, spectrophotometric and coulombetric 
titrations can be automated yery easily. Potentlometry is the most 
Important of these. Much work has been done in the-past 30 years to 
develop automatic potentiometric titrimeters, based on potentiometric 
ýend-point detection. 
A 
HISTORY OF ACHIEVEMENTS IN AUTOMATIC TITRATIONS: 
From an historical point of view some achievements in automatic titrations 
are, as follows: 
1914: First automatic end-point titrator (9) 
1922: First recording titrator (10) 
1928: First photometric, automatic end-point titrator (11) 
1933: First automatic end-point titrator with automatic sampling (12) 
1945: First coulometric, continuous titrator (13) 
1947-8: End-point anticipation methods for potentiometric titrators (14,15) 
1951: Development of the pH stat (16) 
1954: Second derivative automatic end-point titrators,. (17,18) 
9 
PRINCIPLES OF AUTOMATIC POTENTIOMETRIC TITRATION: 
.9 
The end-point in automatic potentiometric titrations is detected 
from the change of the electromotive of a similar galvanic'cell formed 
from the sample solution and sensing and a reference electrode. The 
titrant is added from an auttomatic burette with vigorous stirring. of 
the so] ution. Titration curves can be obtained by plotting the volume 
of titrant dispersed against the electromotive force of the cell. By 
the obtained titration curves the end-point can be evaluated precisely. 
Alternatively, the abrupt change in the electromotive foýce which occurs 
at the end-point can be used to operate an electric circuit, which stops the 
titration by closing the burette at this point. The value of titrant 
dispensed can be read then from the burette, and the t1trand concentration 
can be calculated in the usual way. Hence automatic potentiometric titrations 
--are based on the measurement of an electrode potential against a reference 
electrode, therefore the Nernst equation has a central role in the interpretation 
of the processes taking place in automatic potentiometric titrations. 
1.3-1. DESCRIPTION OF THE METTLER APPARATUS: 
The Mettler apparatus (Mettler A. G., Zurich, Switzerland) was used, 
which is one of the most advanced for automatic titrations. The 
10 
parts*were as follows: 
1) DVII: (digital burette) for adding of titrant solution with 10m] burette, 
synchronised with DK10 and GA10. 
2) DKIO: the basic instrument of DK Series is a high-resistance electrometer 
for input impedances up to 10 
10 
ohms (potentiometric measurements). The 
amplifier output is grounded and galvanically separated from the input. An 
output with a differentiated signal is also available (dE/dV); it was also 
this unit which was used in all the experiments described below. 
3) DK11: this part of the Mettler apparatus makes end-point pre-selection 
possible for automatic titration to a pre-selected end-point. It also 
performs reaction kinetics measurements and records the voltage curve with 
automatic slope fitting, DK11 combined with DK10, DVIO and a stepping motor 
recorder GA10. 
4) DK12: this is an E-pX converter which is an analogue computer for 
converting electrode potentials into the corresponding pX values; by using 
the output from DK12 it is possible also to display pX values by 
employing a digital voltmeter. 
5) GAIO is a stepping motor recorder, which can be driven by internal and 
external pulses. This is synchronised with DVIO, so that chart drive becomes 
proportional to the volume output. 
The experimental equipment is shown in detail in figure 1-2; also a 
simplified version is given in figure 1-3. The reference electrode was 
connected to the front of the DKIO, and the Working electrode (glass or other 
type) was connected to the rear input of DKIO. 
CN 
I 
It 
12 
Experimental Equipment 
FIG' 1-3 
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DESCRIPTION OF THE EXPERIMENTAL CELL: 
The cell used for these experiments was a glass cylinder with an internal 
diameter of 40mm; external diameter of 50mm, and height of 120mm (see figure 
1-4). Constant temperature was maintained by pumping water from a thermo- 
statically-controlled tank through the jacket of the cell (see figure 1-2). 
A thermoregulator type TU-14-Tempunit made by Techne Limited (DuXford, 
Cambridge, U. K. ) was used to maintain a constant temperature in the tank and to 
keep the circulation of water through the jacket of the cell at approximately 
two litres per minute. 
A high-speed magnetic stirrer (Type S/Mag/Minor, Voss-instruments Ltd., 
Essex, U. K. ) was used for mixing the solution in the cell thoroughly. The 
top of the cell was covered with a plastic lid with holes In for 1) A reference 
electrode; 2) A working electrode; 3) A thermometer; 4) A tube for introducing 
nitrogen gas on to the surface or for bubbling through the solution depending 
on the experiment being carried out; 5) A tube for inserting titrant solution, 
which was connected to a 10ml burette of DVIO. 
DETERMINATION OF CO 2- BY DIRECT POTENTIOMETRIC MEASUREMENTS: 3 
The original Intention of this project was analysis of the carbonate 
system by titrimetry. Some other investigations were carried out on this system 
along with the analysis of titration curves. A direct potentiometric method 
14 
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was used. Attempts were made to use a liquid membrane electrode, a PVC 
membrane electrode and Ag/Ag2CO3 electrode. This investigation is described 
in detail in chapter 
1.5-1. ISOPIESTIC MEASUREMENTS OF K2 co 3 AND NaHC 3: 
Because of the lack of data, the osmotic coefficients of K CO solutions 23 
were determined by using the isopiestic technique. The solubility of K2 CO 3 
was determined both by titration and isopiestic methods. Also measurements 
of osmotic coefficients were carried out for NaHCO 3 solutions. It has to be 
mentioned that the available dataAere very poor (19) when we started this 
work. Pitzer's values (20) evaluated from Harned's work were published 
recently, but still there remain some uncertainties about these results. 
These inVestigations are described in detail in chapter 8. 
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2. THEORY OF FIRST DERIVATIVE POTENTIOMETRIC TITRATION CURVES: 
2.1.1. INTRODUCTION: 
In an acid-base ti trat ion, advances in instrumentation enable not 
only the pH to be recorded automatically during an acid-base titration, 
but also the rate of change of pH with the titre, (dpH/dV ) or the rate of 
change of cell e. m. f. (E) with titre, (dE/dV). In view of the Importance 
to industrial and environmental studies of the titration of solutions 
containing both strong base (eg. sodium hydroxide) and salt of -a weak 
dibasic acid (eg. sodium carbonate) with a strong acid (such as HCI), it 
is desirable -to be able to predict at what values of b (acid) there will 
be marked changes in dpH/db and what will be values of any maxima in 
dpH/db with the titration solution containing a moles of NaOH and 
a moles of Na 2 CO 3' The solution of this problem is not easy 
and is best approached in stages as follows. 
2.2.1. TITRATION OF NaOH WITH HCI: 
This is the simplest case. Consider a solution containing a moles 
of NaOH to which HCl is added in a linearbincreasing amounts, b =xa, 
where x can be regarded as the degree of advancement of the neutralization; 
x less than I if there_is alkali left to be neutralized, x =1 at the end I 
point and x greater than 1 when an excess of acid has been added. The 
condition for electroneutrality is: 
(Na+) + (H+) = (C 1 -) + (OH -) 
or a+ h=ax +K /h 
where (H 
+ )= h 
then dh/dx= a -(K wA2) 
(dh/dx) 
18 
or (dlnýdx) (1+ (K 
wA2 
)) = a/h (2) 
and it may be noted that dpH/dx= -0.4343(dlnh/dx). 
Except in the immediate vicinity of the end point, two approximations are 
valid. If b <a, x <1, h2<K 
and si nce, (OH-) =a-b=a (1 - x) (3) 
in eq. 2KwA2 >> 1 
so: (dinh/dx) =(ah/K 
w 
(a/(OH-)) = (1/(I-x)) 
and if b> a, x >1, h2>Kw 
then: h= b-a =a (x- 1) 
and, (dlnh/dx) = a/h =1/(x-1) 
At the end -point, x =1, h2=Kw, so 
I (dinh/dx)= a/2h =a/2K w 
This is a maximum value because, from equation (2), 
(dinh/dx) =(ah/(h 
2+Kw )) 
, and 
(d 2 lnh/dx 2) =(a/(h 
2+Kw)- 2ah 2 /(a 2+Kw)2 )(dh/dx) 
(a(K 
w-h2 
)/(h 2+Kw)2 )(dh/dx) 
When h2= Kw, the above second derivative is equal to zero. So eq. (7) 
which relates to the end point is the maximum value. 
It may not be generally realised that the approximations expressed 
by equations (3), (4), (5) and (6) are good even close to the end-point. 
For example, with a 0.1 mol/I and x =0.99999, (I-x)= 10-5, equation (3) 
68 
gives (OH-)= 10- mol/I so that h _10- mol/I and equation (4) gives 
dlnh/dx =105, where as equation (1) gives h =0.99xlO- 
8 
mol/I and 
19 
equation (2) gives dlnh/dx= 0.98xlO5. Figure 2-1 shows dlnh/dx in the' 
immediate vicinity of the end-point. The open circles are values calculated 
by means of approximate equations (3)-(6), leading to "infinity catastrophe" 
at x =1 which is avoided by using the exact equation (2) as shown by filled 
ci rcles. 
2.3.1. TITRATION OF THE SALT OF A WEAK ACID (NaA) WITH HCI: 
If A is the anion of a weak acid, HA, then K -h(A-)/(HA) and if a is 
the initial concentration of salt: a =(HA) + (A-)= (A-)(I + h/K) and the 
condition for electroneutrality gives: 
a+h =ax + aK/(h + K) +Kw A) 
and (dh/dx)(I + aK/(h + K) 
2+KwA2 )= a 
If the acid, HA, is not very weak, two useful approximations are available: 
h/a <<l and h ý,, 10-7, K2 << 1 9 w/h 
then: -(I-x).!: fK/(h + K) and 
(8a) 
(dh/dx)(I + aK/(h + K) 
2) 
=z a (9a) 
In particular: Ii 
1) When h-, K, x =rO. 5, dInh/dx =4(independent of the value of K or a) 
figure 2-2-A shows the change of dlnh/dx during the titration. It is clear 
that dinh/dx has a minimum value at x-10-5. The pH value of minimum 
corresponds to the point where pH =pK. 
2) When x-el, h=jKa, dlnh/dx; r-'j 
fa/K, (x-1-50, HA=a and h=A for example 
if K=4.5xl 0-7 mol/I ( The first dissociation constant of carbonic acid 
V 
if kinetic complications are ignored) and a =0.1 mol1l, dinhJdx =235.6 
Figure 2-2-B shows how dinh/dx varies in the vicinity of x =1 at a =O. 
Imol/]; 
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dlnh/dx has a maximum value when x =1. 
2.4.1. TITRATION OF NaOH + NaA WITH HCI: 
We now consider the titration of a solution containing a moles of 
sodium hydroxide and a moles of the sodium salt of a weak acid (HA) with 
a dissociation constant of K,, b moles (= 2ax) of HCl is added. 
Then 2a +h =2ax + Ka/(h + K) +Kw 
(dh/dx)(1 + Ka/(h + K) 
2+KwA2 )= 2a 
('a) 
1) 
and if K= 4.7xlO-llmol/J (the second dissociation constant of carbonic 
acid), the approximation is valid that: 
(dh/dx) (Ka/(h +K )2 +KwA2) -2a a) 
and, when x -0.5, and a =0.1 mol/l, h2 =KKw/a, then h- 2.168xIO-12 mol/l, 
-12 dlnh/dx =22.66. A more exact solution of equation (10). gives h -2.22xlo 
mol/I at x =0.5 and dInh/dx =22-70. This is not the maximum value, however, 
as is shown in figure 2-3, the maximum value 22-76, occurs at x- 0.50035. 
We now take up our main problem of titration of salt of a weak dibasic 
acid in the presence of a strong base with a strong acid. 
2.5-1. TITRATION OF NaOH + Na? CO3 WITH HCI: 
For simplicity, it is assumed that Ka for the following process is 
the same as KV 
H CO ee H++ HCO- 23 
and the kinetic stage of hydration and dehydration of carbon-dioxide in 
aqueous solutions was ignored. We will di , scuss this problem later on. 
Consider a solution containing a moles of NaOH and a moles of Na 2 CO 
23 
22-8 
d In h 
dx 
22-6 
22-. 4 
x 
Theoretical diffential curve for titration of a mixture of NaCH 
Nak with HC1 in vicinity of x-0.5 
FIG 2-3 
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to which b (= 3ax) moles of HCI are added. 
The condition for the electroneutrality is: 
(Na+) + (H+) = (C 1 _) + (HA-) +2 (A 
2- )+ (OH-) 
where HA HCO and A 2-= co 
2- 
33 
then KI=h (HA-) / (H 2 A) , K2=h(A 
2- )/(HA-) and 
and (H 2 A) + 
(HA-) + (A 
2- )= a 
therefore (A 2- W+ h/K I+h2A1K 2) =a 
and (A 
2- )= KI K2a/Z , (HA-)- hK, a/Z 
where Z= h2+ hK I+K1 K2 
(I 2a) 
so 3a +h =3ax + aK, (h + 2K 2)" + Kw/h 
(12) 
and - (dh/dx)(1 + aK V 
(h 2+KIK 
2' + 4hK 2)/-r 
2+ Kw/h 2) = 3a (13) 
Equation (12) is a quartic in h and cannot be solved for h as a function 
of (a, K, tK2, Kw). The inverse calculation of x at a series of values of 
h, using equation (12) and then the calculation of dInh/dx at these 
values of h and x, using equation (13) Is possible but very laborious; 
Many attempts along these lines have been made In the past (1-3), usually 
after introducing some approximations into these equations. However, 
this problem can be solved'by using programmable calculators. As 
K, = 4-5xlO-7 mol/I and K 2= 
4-7XIO- 11 mol/l, that is K1 and K2 are well 
separated and there is little overlapping, so the first stage of 
dissociation of H CO to H+ and HCO is almost complete before the second 233 
dissociation of HCO to H+ and CO 
2- 
commences. Thus, when x =0.67, a -0.1 mol/I 33 
h2=KK most of the carbonate is in the form of HCO Thus the 121 3' 
considerations of the previous sections lead us to anticipate that there 
25 
will be four stages in the titration as follows: 
1) In which most of the hydroxide is converted to chloride. 
2)ln which most of the CO 
2- 
is converted to HCO - with a maximum value of 33 
dlnh/dx about X =0-33 and a minimum value at x =0-5 (pH- pK 2) 
3) In which most of the HCO is converted into H CO with a maximum value 323 
of dInh/dx at x =0.67, h 
2= K1K2 or pH= J(pK I+ pK 2) and a minimum value at 
x= 0.83(pH, =pK, ). 
4) A stage in which HCI is present In excess with a maximum value of 
dlnh/dx at x =1. 
0 
We will now discuss these three maxima and two minima in detail (see fig 2-4) 
When x-=I, all carbonate is converted to carbonic acid. 
so: he and dinh/dx = 1.5 , 
Fa/K, from equation 12 and 13. At 
x=0.83 , pH ý_, pKj at x=0.5, pH=pK 2so there will be two minima, with 
dlnh/dx =12, both independent of the values of a and K, or K2* At x =0.67, 
h2::. K, K2- and with K, -t 4.5xl 0-7- mol /I , -and K2=4.7xIO_ll mol/l, equation(13) 
reduces to: 
dlnh/dx(435.4a +-0.0473) = 0.6522xlOýa 
The second term on the left is the contribution of the KwA2 term; 
neglecting this, dlnh/dx =149.8 independent of a. This is a good approxi- 
mation, for even at a =0.01 mol/l, dinh/dx -148.2 and at a =0.001 mol/I 
dinh/dx =135. At x =0.33, h =(K 2Kw /a)' and(dh/dx)(aK 2 /(K 2+ h) 
2+KwA2) 
=3a 
For this, dlnh/dx is approximately equal to 105al. This has one important 
consequence; at a =0.01 mol/l, dinh/dx =12, i. e. the maximum value of 
dinh/dx at x =0-33 is equal to the-minimum value at x -0.5. The result is 
that the maximum and minimum disappear as shown in figure 2-5 for a =O. Olmol/l. 
2-6-1: TITRATION OF NaOH, CONTAMINATED BY Na CO,, WITH HCI: 
If we now consider a solution contains aI moles of NaOH and a smaller 
quantity a2 moles of Na 2 CO 3 so a2 =Ka, . and we add 
b =(a I+ K)x moles of 
26 
750 
600 
4S( 
d In h 
dx 
30C 
Isc 149ý8 
3ý-2 
0 
0 0-33 0-67 
x 
. Tbeoretical diffential curve for titration of VaOE 
(a) + ra 2 CO 3 
(a) 
where a-0.1 mol 1-1, with HC1 
FIG 2-4 
707.: 
OH-- c02-+ Hco; - HCO; 4 H, 2c03 3 
27 
6C 
di" dx 
30 
0 
isci 
I"". 
C>33 -. - . 0-67. 
x 
'aOE (a) + Fa CO (a) Tl, eoreticp. l diffr-ntial cur7e for titration of It 23 
where a- O-Olmol 1- 
19 
with ECI 
FIG 2-5 
28 
HCI, then equation (12) becomes: 
(dh)/(dx) (I +(a K1 (h2 +. K, K + 4hK '2)+ Kw/h 
2a (1 + 2k) 22 2) /T 1 
The effect on figure 5 is to expand the first section and to contract the 
second and the third equally. Maxima will occur at b 
baI+ 2a 2 given by values of x= 1/0 + 2k), x=( 
x1 respectively, with approximate heights of 350 
49.9(1 + 2k) /k and 0.5(1+ 2k)al /(K Q1. It can be II 
these reduce to the previously given values if k=1. 
= a,, b=aI+ a2 and 
I+ k)/(l + 2k) and 
2k)al / k' , 
readily seen that 
The net effect of 
reducing a2 is that the third and first peaks should be little affected 
but the second should be increased independently of magnitudes of a1 and 
a2. 
Figures 2-6,2-7, and 2-8 show the results of applying equation (15) 
to the calculation of dlnh/dx, after finding b for a chosen value of h, 
for the presence of 5%, 1% and 0.1% carbonate in hydroxide. The growth 
with decrease of carbonate of the second peak at the expense of the third 
may be noted. For 5% carbonate, the second peak maximum occurs not at 
x=0.95 but at x=0.9545. 
EFFECT OF SLOW KINETICS OF CARBON DIOXIDE HYDRATION ON 
THE FIRST DERIVATIVE POTENTIOMETRIC TITRATION CURVE OF 
CARBONATE SYSTEM: 
It has to be noted that for simplicity, K, . in the previous equations 
was regarded as an equilibrium constant of the following process: v 
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H Co =H++ HCO- 23 Kaý 3xlO -4 mol/I 
Magnitude of KI assumed was 4.5 x 10- 
7 
mol/l. But , in fact, KI is an 
apparent equilibrium constant for the following process: 
H Co + CO +H0 11; 2 H 4- + HCO- K= (H+) (HCO-) / (H CO + CO ). 23221232 
The true equilibrium constant of carbonic acid is K= (H + )(HCO-)/(H CO a323 
According to Koefoed (4), and Kern (5), carbonic acid is itself a much 
stronger acid than previously thought. Most of the carbonic acid remains 
as dissolved carbon dioxide Win aqueous solutions according to the 
following equation: 
K /0 K) =Ka /0 + O/K h) 
) (i 6) 
Therefore in the real case it is important to introduce the hydration and 
dehydration processes of carbon dioxidein aqueous solutions, as follows: 
k 
CO +H0%; 
2-1ýl 
H CO 2 kr 2 
where kf=0- 03s- 1 (5) . and kIr = 20s- 
1 (5) for which: 
(CO 
2)/ (H 2 CO 3)=kr/ ke= 20/0.03 = 
600 (18) 
It follows also that the concentration of H2 CO 3 produced in the titration 
proces5 is a function of time, as follows: 
(H 
2 Co 3 
»/(dt) =k f 
(CO 2) -k r 
(H 
2 Co 3) 
(19) 
Therefore computer simulation calculations, applying numerical methods, 
to solve the concentration of various species present as a function of time 
are necessary. This topic is discussed in chapter 6. 
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3.1-1. INTRODUCTION 
As discussed in chapter two, in view of the importance of the 
titration of solution containing both hydroxide and carbonate, with a 
strong acid e. g. hydrochloric acid, to industrial and environmental 
studies, it is Important to analyse the first derivative of the 
potentiometric curves. 
The mathematical solution of these curves as shown in chapter two 
(1) gives three maxima. The first corresponds to the neutralization of 
most of the hydroxide ions; the second and third correspond to the 
conversion of carbonate ions to bicarbonate ions and bicarbonate ions 
to carbonic--acid or carbon dioxide respectively. (CO 
2- to HCO_ and HCO_ 333 
to H2 CO 3 
(CO 
2+H 20» 
Assuming the concentration of sodium hydroxide and sodium carbonate 
are both a moles per litre, the height of the first maximum Is proportional 
to a'; the height of-the second maximum, to a good approximation, should 
be independent of a; and the height of the third peak is proportional to 
al. 
However, the experimental curves show an extrav unexpected peak 
between the first and second neutralization peaks of carbonate ions, which 
has not previously been found. 
The experiments described below were carried out to study and remove 
this extra peak in the titration curve. The Mettler apparatus, consisting 
of DV10, DV12 and GAIO as described in chapter one, was used and the 
cylindrical glass cell with constant temperature Jacket was used. This was 
also described in chapter one. 
v 
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PLOTS OF dE/dV AGAINST V HCI(0.25 mol/1) - 
FOR SODIUM HYDROXIDE 
SOLUTION CONTAINING DIFFERENT CONCENTRATIONS OF SODIUM CARBONATE. 
Different titrations with 0.25 mol/I hydrochloric acid were carried 
out for 25 ml of 0.04 mol/I sodium hydroxide solution containing 
different mole concentrations of sodium carbonate . To prepare the 
titration solutions of the required concentrations, volumetric sodium 
hydroxide solution (0.1 mol/1) free from carbonate was used (BDH Chemicals 
Ltd., Poole, England product no. 19150), manufactured from AnalaR reagents. 
This was diluted with distilled water free from carbon dioxide. 0.1 mol/I 
sodium carbonate stock solution was also prepared from anhydrous sodium 
ca 
* 
rbonate (BDH, product no. 30121) and degassed distilled water. This was 
used for making the titration solutions. The same make of concentrated 
volumetric hydrochloric acid (product no. 18005) was used and diluted with 
disti I led water. 
It has to be noted that the distilled water used in titrations in 
all cases, and also for making the solutions, was. boiled and degassed 
previously. This was to ensure that it would be free from dissolved 
carbon dioxide gas. I 
A Radiometer (Copenhagen, Denmark) Glass Electrode type(0202B) was 
used as a working electrode and a Radiometer saturated calomel. electrode 
(type K401-QL-1) was used as a reference electrode. 
As shown In figures(3-1,3-2, -3-3) experiments were carried out for 
different mole percenta'ges of sodium carbonate relative to the concentration 
of sodium hydroxide at 25 0 C. 
When the mole concentration of sodium carbonate becomes equal to, 
or greater than 1% of the mole concentration of sodium hydroxide, it is 
possible to see a separate peak for carbonate ions in the titration curve. 
By decreasing the con4; entration of hydrochloric acid from 0.25 to 0.05 mol/I 
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and increasing the chart speed it was possible to increase the limits 
of discrimination of carbonate from sodium hydroxi'de. I 
Computer or Gran plot analysis of the titration curves might enable 
this to be pushed lower. 
3.3.1 TITRATION CURVES FOR HYDROCHLORIC ACID (0-05 MOLA) AND THE 
FIRST DERIVATIVE CURVES FOR THE CARBON DIOXIDE ELECTRODE 
As is shown in figures-3-4, and 3-5, different titrations with 
0.05 moll) hydrochloric acid were carried out for 25 ml of 0.04 mollf 
of sodium hydroxide solution containing 0,1.5,2.5.3.75,5,7.5,10, 
12.5,15 and 20 mole percent of sodium carbonate. Both the Radiometer glass 
electrode type (G202B) and Radiometer carbon dioxide electrode 
type (PS-1-902-123) were used for obtaining the first-derivative pot- 
entiometric curves. Before titration with 0.05 mol/I of hydrochloric 
acid, about 3.5 ml of 0.25 moll] of hydrochloric acid were added to the 
titration solution. This was to bring the titration curves within the 
range of 10m] of titrant (the Mettler burette is 10m] capacity). This 
also speeds up the initial titration process which has no effect on 
titration curves. This is shown In (3-5-2). The rate of addition of 
0-05 moll] hydrochloric acid was Iml In four minutes (the same as 3-2-1). 
The comparison of titration curves for 3-2-1 and 3-3-1 shows clearly 
that the unexpected peak is more defined at about 12.5 percent. (See 
figure 3-2), but in the case of titration with 0.05 mol/) hydrochloric 
acid, it was possible to see the peak at 3.75 per cent. (See figure 3-4 
below). Knowing that the rate of addition of moles of hydrochloric acid 
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in 3-2-1 was five times faster than in 3-3-1; it can be concluded 
that in some way the kinetics of hydration of carbon dioxide is 
involved in the appearance of the extra peak. 
Considering the first derivative curve of dE/dV against volume 
i 
of hydrochloric acid (0-05 mol/1) for the carbon dioxide electrode, there 
Is a peak and a shoulder. These correspond-to the appearance of 
carbon dioxide in the solution and to the end of production of carbon 
dioxide In the titration process respectively. Hence, the peak should 
correspond to the first titration peak of the glass electrode for 
carbonate ions and the shoulder should correspond-to the end of 
conversion of bicarbonate ions to carbon dioxide, but there is some 
delay in the appearance of the peak for the carbon dioxide electrode. 
This may either be due to the slow diffusion of carbon dioxide through 
the membrane, or to some other unknown fact6rs. More experiments 
were carried out to study this problem. 
TITRATION CURVES FOR SODIUM CARBONATE-CONTAINING, DIFFERENT 
CONCENTRATIONS OF SODIUM HYDROXIDE.. 
In this series of experiments, the concentration of sodium 
carbonate was kept constant and the concentration of sodium hydroxide 
was varied. 
Different titrations ývith*hydrochlorlc acid were carried out for 
25ml of 0.008 mol/I of sodium carbonate containing different mole 
concentrations of sodium hydroxide. The concentration of sodium 
hydroxide was varied in such a way that it made it possible to 
obtain different percentage mole concentrations of sodium carbonate V 
to sodium hydroxide as shown In figure 3-6. The rate of addition of 
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hydrochloric acid was lml in 48s, and all titrations were carried 
out at 25 0 C. 
As is clear from figure (3-6), by increasing the concentration 
of carbonate ions to hydroxide ions the height of the first peak of 
carbonate ions is increased; at the same time the height of the 
extra peak decreased. At about 125% the extra peak reduced to a 
shoulder on the first peak of carbonate. This suggests that the 
presence of hydroxide ions increases the speed of response0f the 
glass electrode in the titrations. -As is described by F. G. K. Baucke 
(3-4) and A. -Wikby (5). the structure and thickness of the "gel layer" 
or "swollen layer" of glass electrode membranes depends on the pH 
values of the solution. The thickness of this layer is greater for 
smaller pH values of solution. As described by Baucke (1971), at 
0+ pH=J, the thickness of the gel layer is 300A (-20 per cent) and 
at pH=g it is 150R (: ý20 per cent). So, sweeping the pH from 
very high values- to - very acidic values, removes some of the 
hydration layer- on the glass. electrode- and exposes a fresh surface. 
This could be the reason for a better definition of the extra peak, 
when sodium hydroxide Is added to the titration solutions. 
3.5. EXPERIMENTS FOR FURTHER INVESTIGATION OF THE UNEXPECTED 
EXTRA PEAK 
To study the characteristics and to identify the origin of the 
extra peak, several experiments were carried out as described in the 
fol ]owing. 
3.5-1. EFFECT OF TEMPERATURE 
A series of experiments was carried out at different temperatures 
4s 
as shown In figure 3-7, When the temperature was raised. above the 
normal titration temperature (2500, the extra peak moved nearer 
to the first sodium carbonate neutralization peak. It was hardly 
visible between 40 0C and 50 0C and nearly absent above 50 0 C. This 
can be explained by the lack of solubility of carbon dioxide at high 
temperatures, and also the effect of high temperatures on slow 
kinetics which is involved in the neutralization process of bicarbonate. 
When the temperature was decreased below 25 
0C the unexpected peak 
moved towards the second sodium carbonate neutralization peak. This 
reflects the high solubility of carbon dioxide at lower temperatures 
and the slower kinetic reactions involved at lower temperatures 
which possibly results in complex formation in the solution and 
the appearance of a clear extra peak. 
Corresponding titrations were carried out using a Radiometer 
carbon dioxide electrode Type (PS-1-904-123) at 250C. This showed 
that the carbon, dioxide electrode peak lies between the unexpected 
extra peak and the first peak of sodium carbonate (for glass electrode); 
shown In figure 3-8. However, as the temperature is increased the 
carbon dioxide peak moves towards the first neutralization peak of 
carbonate ions. Above 50 0C the extra peak disappears and the peak 
for the carbon dioxide electrode occupies the same position as the 
first carbonate ions' neutralization peak for the glass electrode. 
This is partly because of. an increase of rate of diffusion of carbon 
dioxide through the membrane of the carbon dioxide electrode at high 
temperature. This peak(carbon dioxide electrode peak) becomes less 
sharp with decreasing temperature. 
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3.5.2. EFFECT OF RATE OF ADDITION OF HYDROCHLORIC ACID 
Because of the kinetics involved in the titration processes, 
the rate of addition of titrant occupies a very important role in 
the investigation of the extra peak. A number of experiments were 
carried out, as described below to investigate this. 
i) Titration of 25ml of 0.04 mol/l sodium hydroxide solution 
containing sodium carbonate with 5% mole concentration, using a 
Radiometer glass electrode Type (G202B) at 250C. In the first 
titration, the rate of addition of 0.05 mol/I hydrochloric acid 
was lml in four minutes and in the second one the rate of addition 
was Iml in 48s. 
It is clear in figure (3-9) that the extra peak is shifted 
towards the second neutralization peak of carbonate ions as the 
rate of addition of hydrochloric acid is increased. 
ii) The same type of-experiment was carried out for 25m] of 
0.04 mol/I sodium hydroxide solution containing 15%. more concentration 
of sodium carbonate-under the same conditions as above. Except that 
the rates of addition of hydrochloric acid were altered to lml In 
37.5s and Iml in 141s, and the concentration of hydrochloric acid was 
changed from 0.05 mol/I to 0.25 mol/l. The effect of increasing the 
rate of addition of hydrochloric acid was the same as in the previous 
experiments (see figure 3-10). 
III) To clarify the effect of the addition rate of hydrochloric 
acid on the titration curve, and the position of the peaks, and to find 
out what was the. most sensitive region of the titration curves to the 
rate of addition of hydrochloric acid, another set of experiments 
consisting of four. titrations was carried out. The results are shown 
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in figure 3-11 and described below. It must be noted that the only 
region which is involved in a slow reaction in the titration curves 
is between the first and the second neutralization peak of sodium 
carbonate. 
In all cases the titration solutions were again 25m] of 0.04 
mol/I of sodium hydroxide containing 5% mole concentration of sodium 
carbonate, and titrations were carried out at 25 0C using a Radiometer 
glass electrode Type (G202B) and the same make of saturated calomel 
electrode as a reference electrode. 
a) The rate of addition of hydrochloric acid was Iml in four minutes, 
over the whole range of the titration process. 
b) The first 3.5m] of hydrochloric acid wa's added at a faster rate 
of Iml in forty eight seconds; (five times faster than a) and then 
continued at the slower rate of Iml in four minutes. Knowing that 
most of the sodium hydroxide was titrated at the faster rate, by 
compar ing the titratton curves for (a) and (b), it is clear that 
the rate of addition of hydrochloric acid has no effect on the position 
of both the hydroxide peakiand also the other peaks. 
c) In this case the first 4.1ml of hydrochloric acid was added at the 
faster rate of Iml in forty eight seconds and then continued at the 
slower rate of Iml in four minutes. According to the figure 3-11 
in this case the neutralization of most of the carbonate ions. to 
bicarbonate ions was carried out at the faster rate, but there was 
no effect on the position of the peaks. This gives a strong in- 
dication that the rate of addition of acid has no effect of the 
position of the first peak of carbonate ions in the neutralization 
course. 
d) In the fourth experiment of this set, the whole range of 
titration was carried out at the faster rate of addition Oml in 
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forty eight seconds). As is clear from comparing these four titration 
curves for (d), the extra peak was not resolved and it moved towards 
the second peak of carbonate ion neutralization. This was the only 
peak whose position was affected by the rate of addition of moles of 
acid. The rate of addition has an important effect only between the 
first and second neutralization peaks of carbonate ions, where slow 
kinetics are involved. 
The extra peak is not affected by changes of rates at other stages 
of the titration process. The position of the other peaks, remain 
constant in all cases. From these experiments it can be concluded that 
a slow reaction is involved in producing the extra peak and that 
hydroxide ions do not take part in that process. As was mentioned in 
3.4, hydroxide ions, however, increase the speed of response of the 
glass electrodes only. 
3.5.3 -THE EFFECT OF STIRRING ON THE EXTRA PEAK 
For further study of the extra peak the effect of stirring the 
solution during the course of the titration was investigated. Once 
again titrations were carried out for solutions of 25ml of 0.04 mol/I 
of sodium hydroxide solution'contalning 5%-mole concentration of 
sodium carbonate. One experiment was carried out with fast stirring 
of the solution, and in the second one stirring was slower. 
With fast stirring, the extra peak moved towards the first peak 
of carbonate ions, and the other peak remained unaffected (see figure 3-12). 
Fast stirring of the solution reduces the concentration of 
ýissolved 
CO 2 
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gas in the titration solution and at the same time it changes the position 
0 
of the extra peak. Hence there must be a relation between these two 
which will be discussed later. 
In this experiment the rate of addition of hydrochloric acid was lml 
in forty eight seconds with a concentration of 0.05 mol/l. 
3.5.4. THE EFFECT OF DIFFERENT GLASS ELECTRODES AND SURFACE STUDY 
A comparison of different glass electrodes with particular emphasis on 
properties of the glass electrode surface plays an important part in 
demonstrating that the extra peak is a property of the solution and not 
of the glass electrode. The following glass electrodes were used: 
i) Radiometer glass electrode (G202) consisting of two glass types (B) and (C). 
(Radiometer A/S, Copenhagen, Denmark). 
ii) Beckman electrode single glass electrode. 
iii) EIL combination glass electrode with silver/silver chloride Q"ternal 
reference elecrode with ceramic contact (type 33). 
iv) Ingold glass electrode type 10-402-3022, Swiss made. 
v) Jena combination glass electrode type No. 65 (Jena Glasswerk, Schott Gen., 
Mainz, West Germany). 
All the experiments and treatments were carried out as described below: 
A) Radiometer, Copenhagen glass electrode. These are standard types of 
Radiometer glass electrodes which were used with a K401 saturated calomel 
electrode for titrations. The type B electrod6 is useful in the pH - range 
0-14 without correction, whereas type C requires a correction for Na 
+ 
error 
abo, ve pH 12, when accurate measurements are required. Type C electrodes 
may, be used in the temperature range from 00 to 6ooc, while type B gives 
a "IckP response below 20 
0C (according to the manufacturers). 
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i) Type G202B-KS-2 
Several titrations were carried out using this electrode, and different 
studies were made on its surface, but in all cases, at 25 0C the extra peak 
was present. The following solutions were used throughout: 
Cell solution; 10ml O. lmol/l of sodium hydroxide 
5ml O. Olmol/l of sodium carbonate 
3.5m] 0.25mol/l of hydrochloric acid 
0.5ml of distilled water 
Titrant; 0.025 mol/I of hydrochloric acid. 
(a) The effect of O. Imol/I of HCI on the surface of the electrode; 
the electrode was soaked for eighteen, hours: in-. O. lmol/i hydrochloric acid 
before use. For all titrations the extra peak was again present:. - 
(b) The effect of distilled water at high temperature (6000; 
the electrode was left in distilled water at 60 0C for fifteen minutes before 
use, but the extra peak was present. The experiment was repeated after 
soaking the electrode fi rstly in disti I led water at 60 
6C for three 
I 
hours 
0 and secondly in hydrochloric acid (0.1mol/l, 110hours, 25 W-but the extra 
peakýwas again present for all titrations. As shown by F. GýK. Baucke(4) on 
increasing the temperature, the development of a new steady state corresponds 
to layer formation on the surface of the glass electrode. On lowering the 
temperature the thick layer present at high temperature, dissolves to reach a 
new steady state. Hence this process of soaking the glass electrode in distilled 
water at high temperature results in the loss of some of the surýface of the 
glass electrode and reveals-6 new surface. However, the extra peak was still 
present for all titrations. 
(c) The effect of soaking the glass electrode in nitrogen gas saturated 
with distilled water; 
after 12 hours the titration revealed the presence of the extra peak. 
(d) The effect of soaking the electrode in 0.1mol/I of sodium bicarbonate; 
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after both 14 hours and 20 hours soaking of the bulb of the glass electrode, 
the titration results were as follows; the height of the extra peak had 
diminished ýlightly, and it had also moved. towards the first peak of carbonate. 
ii) Type G202B-TN-l Radiometer glass electrode. 
This was a new electrode being used for the first time. It was previously 
conditioned as specified by the manufacturers. The electrode was left for 10 
hours in hýdrochloric acid (0.1mol/I at 25 00 and then soaked for several 
hours in buffer solution at-pH4. 
(a) For the first titration the extra peak was a little closer *to 
the first sodium carbonate neutralization peak, but in a second titration, 
the position of the extra peak was the same as in the case of d202B-KS-2 
(see figure 3-13). This can be explained by the development of a gel layer 
on the glass electrode helped by the presence of carbon dioxide. This was 
shown by H Bach-and FG K-Baucke 1976 (6) for moistened glass electrodes 
in the gas phase in the following reaction, which is likely to occur in 
solution as well. 
2F SiOLi(glass) + H20 (surface) + C02 (surface) 
2= SiOH(glass) +-Li 2 Co 3 
(surface) 
So the growth rate of the layer Is faster in the presence of carbon dioxide. 
This gives a better response from the glass electrode. 
(b) The electrode was soaked at pH4 at 250C for 14 days before the 
titration. The only effect was that the extra peak moved a little towards 
the second sodium carbonate neutralization peak and becameýslightly sharper. 
(c) Etching of the glass electrode was carried out for 2 minutes at 
250C with 5% hydrofluoric acid as described by Wikby (5) and followed by 
2 days soaking of the glass electrode in distilled water at 25 
0C 
prior to 
the titration. Again. the result was the same as before. On etching the 
hydrated glass electrode with hydrofluoric acid, the gel layer takes part 
in the following reaction (7): 
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-OH +HF =S 1F+ 2H 0 OH HFF2 
The release of silicon from the surface of the structure occurs through 
the reaction between SiF 2 and bifluoride giving SiF 4* SiF 4 reacts further 
with hydrofluoric acid and the final etching product is hexafluorosilicate: 
SiF4+ 2H F=H2 (S iF 
So, by the etching process, the gel layer was eliminated. By soaking the 
electrode in distilled water or a buffer solution at about pH 4 and cons- 
sidering the interaction between aqueous solution and the glass electrode 
again, two reactions occur. 
The hydration process involves ion exchange between-univalent alkali 
ions in the glass and hydrogen ions in the solution. The exchange rate 
decreases by the square root of time (7,8). After several days, the 
reaction proceeds linearly with time. Parallel with the ion exchange, 
a rupture of silicon - oxygen bonds occurs by the reaciion with water 
according-to: 
=Si-O-Si= +H20 
but this is a slow process at room temperature. Thus, the surface 
structure is broken, leaving a loose hydrolysed network. This structured 
transformation, together with the ion exchange, results In an outer 
layer of glass sufface which Is, in fact, a new gel layer. Because of 
the existence of the extra peak after the etching process of the glass 
electrode, it can be coný'luded that the extra peak is not a property 
of the glass electrode. 
III) G202C KS-I 
The same titrations were carried out with this electrode. The 
extra peak was present for all titrations. For the first titration 
the extra peak was nearer to the second peak of neutralization of- 
carbonate ions, but for the second titration the position of the 
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extra peak was the same as in the case of the G202B type. This electrode 
was also soaked in 0.1 mol/I hydrochloric acid for 18 hours before using 
it in a titration, but there was no effect on any of the peaks. Soaking 
the electrode in the buffer solution at pH 4 also had no effect on any 
of the peaks. 
iv) G202C UY-1 
This was again a new unused glass electrode, conditioned as spec- 
ified by the manufacturers. The results for the first and second 
titrations-were the same as type B. A third titration was carried 
out, after soaking the electrode for 14 days in buffer solution at pH 4. 
Again the result was as previously found. 
Since soaking the glass electrode in. buffer solutions (pH 4 or 7) 
gives a very stable structure to the surface and for many electrodes 
this stage is reached after 70 hours, as shown by Wikby in 1971 (7), 
this is further proof that the extra peak is not due to the glass 
electrode or its surface. 
B) Beckman Glass Electrode: 
The same experiments were carried out, *. -but the Radiometer-glass 
elettrode was replaced by a Beckman single glass electrode. All the 
results were the same as previously found. 
C) E. I. L. (Electronic Instruments Limited, Chertsey, Surrey) Combination 
(Ag/AgCI as a reference) Glass Electrode: 
The same type of experiments were carried out but the results were 
the same as previously foun'd and the extra peak was recorded. 
D) Ingold Glass Electrode: 
The results of the same experiments which were carried out using 
this type of electrode, as described below, were the same as for the 
previous glass electrodes. In the first titration the height of the 
extra peak was low, but in the second titration, the position of the 
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extra peak in relation to the others and its height were the same as 
for the other glass electrodes. 
The bulb of the electrode was soaked in 0.1 mol/I hydrochloric acid 
for 14 hours, but this had no noticeable effect on the extra peak. 
Again the electrode was left in buffer solution of pH 4 for 13 days 
before the titration, the only effects was that the extra peak moved 
slightly towards the second neutralization peak of sodium carbonate; 
it also became a little sharper than before. 
The following three etching treatments of the Ingold electrode 
were also carried out: 
1) the bulb of the electrode was soaked. in 5% HF for-two minutes and 
then stored for 60 hours in distilled water before use in the titration. 
2) 5 minutes in 5% HF and 2 hours in distilled water. 
3) 13 minutes in 10% HF and 5 minutes in the solution, which was to be 
titrated before starting the titration. 
In all three cases the results (height-and position of the extra peak) 
were almost--the-same as-previously found. 
E) Jena Glass ElectrodeE(Combination-electrode with saturated calomel 
electrode as a reference electrode) No. 65: 
The same titrations were carried out using three different unused 
Jena glass electrodes of the same type. In the case of these electrodes, 
the results were the same as before except that the position of the extra 
peak stabilised after three experiments see figure 3-14. In the first 
experiment, the extra peak-Was not very clear as in the case of the other 
glass electrodes. 
The following experiments were carried out using one of the Jena 
electrodes, which had not been used before. 
1) Soaking in 0.1 mol/I sodium bicarbonate solution for 17 hours before 
V 
ti tration. 
2) Soaking in 0.1 mol/I sodium bicarbonate solution for 13 days before 
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ti tration. 
3) Soaking in 5% HF for 2 minutes and then storing in disti I led water 
for 2 days (at 250C) before titration. 
4) Soaking in 5% HF for 2 minutes, and then washing with distilled water 
and soaking in the titration solution for 15 minutes before starting the 
titration with hydrochloric acid. 
5) Soaking in 5% HF for 15 minutes, and after washing with distilled water 
stirring for 15 minutes in the titration sol6tion, before titration. 
In all cases the extra peak was present. The following experiments 
were carried out, using the second new Jena glass electrode. ror 
surface studies, -the electrode was soaked in the following solution 
before use in the titrations. 
1) In distilled water saturated with carbond % 
ioxide gas for 5 days. 
2) In 0.1mol/I sodium bicarbonate for 4 hours. 
3) In I mol/l sulphuric acid solution for 16 hours. 
4) 15 minutes-An I mol/l. sulphu. ric acid at 65 
OC. 
5) In 0.1 mol/1- sodium bicarbonate (NaHCO 3 
)-solution saturated with 
carborýdioxide gas for 
. 
13 days. 
No effects were noticeable in all cases, and in all cases the extra 
peak was present. 
Again the same type of treatments were carried out for another new Jena 
glass electrode with different lenghts of time, but in all cases there 
was no change from previous results. 
It has to be noted that soaking the glass electrode in sodium bicarbonate 
solution probably increases the response of the glass electrode by 
increasing the growth rate of the gel layer. The effect has to be the same 
as the effect of carbon dioxide gas on the surface of the glass electrode 
(6) as described previously. Soaking the electrode in sulphuric acid 
has 
a rather different effect on the gel layer. Although Cl 
Tons penetrate 
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into the outer surface of the gel layer, this does not happen for SO 
2- 
4 
because of the large size of this ion. 
All the different glass electrodes gave the same results and soaking 
the glass electrodes in different solutions for different lengths of time 
as in the following list: 
a) 0.1 mol/I hydrochloric acid 
b) Imol/I hydrochloric acid 
C) 0.1 mol/I sulphuric acid 
d) Imol/I sulphuric acid 
e) 10 mol. /I sulphuric acid 
f) 0.1 mol/I sodium bicarbonate 
g) 0.1 mol/I -sodium carbonate solution saturated wi th carbon di ox i de gas 
0 buffer solution having pH4 
j) distilled water-at different temperatures of 25 and 65 0C 
Q nitrogen gas-saturated distilled water 
1) etching of the electrodes for different lengths of time. 
had no noticeable effect on the position and the height of the extra peak. 
Thus there is strong evidence to suggest that the extra peak is 
6 property of titration solution which is detected by the electrodes as 
mentioned before. 
3.5-5. EFFECT OF SOAKING THE GLASS ELECTRODE IN FERRIC IONS BEFORE 
USE IN THE TITRATION. 
By soaking the electrode in ferric ions (Ferric chloride) with a 
concentration of 10- 
4 
mol/1-a't about pH2 at 25 0C and doing the titration 
after a period of time (four hours) the extra peak became more distinct. 
(Compare curve B with curve A in figure 3-15). Increasing the length of 
soaking time, from four hours to twenty hours (C) and repeating the 
titration the additional peak moved nearer to, a central position between 
the first and second peak of sodium carbonate and became well defined. 
9 
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The titration solution was 25 ml of 0.04 mol/I of sodium hydroc6loride 
and 0.008 mol/I of sodium carbonate and the rate of addition of hydrochloric 
acid. was lml in four minutes and its concentration was 0.25 mol/l. The 
experiments again were carried out at 25 
0 C. Also by repeating the same 
titration the additional peak moved towards its original position after 
a few repetitions. 
This effect of the ferric ions is mainly due to the increase is the 
local concentration of ferric ions on the outer 5urface of the glass 
electrode, which penetrate on soaking the glass electrode In solution 
containing ferric ions (in acidic solution) into the outer part of the 
gel layer. This process results in an increase in the speed of response 
of the glass electrodes, but as described in 3.4.1. repeating the titration 
I has the effect of sweeping thepH from a very high to a very low value. 
This process removes some of the hydrated layers from the surface of the 
glass electrode(6) and exposes a fresh surface. It also decreases the 
-: concentration of the penetrated ferric ions, which is greatly reduced 
after a few titrations. This-is mainly why the position of the extra 
peak-returned to its original place as mentioned -above. 
Soaking the glass electrode In a solution of divalent ions 
(Mg 2+) 
has the same effect of improving the definition of the extra peak, but 
it is less effective than trivalent ions Ve 
3+). 
3.5.6. EFFECT OF GAS BUBBLING: 
The height of the extra peak is influenced by bubbling nitrogen gas 
through the titration solution. The additional peak was not resolved 
when nitrogen gas was bubbled through the solution before the titration 
(for an hour). Experiments were carried out for 10,20, and 30 
67 
mole concentrations of sodium carbonate in 25ml of 0.04 mol/I sodium 
hydroxide solution, The rate of addition of 0.25 mol/I hydrochloric 
acid was Iml in four minutes. When nitrogen gas was bubbled through, 
the second peak of carbonate became very sharp. At the same time the 
extra peak disappeared, because of the nitrogen saturation of the solution. 
This leads to the suggestion that the presence of dissolved carbon dioxide 
is essential for the appearance of the extra peak. 
Considering the equation HCO 3 C02 +H2 O(H 2 CO 3 
), this effect is 
due to the removal of the produced carbon dioxide gas from the solution 
by bubbling the nitrogen gas into it before and during the titration 
period. The equilibrium of the above equation is displaced to the right 
hand side. 
The same type of experiment was carried out where nitrogen gas was 
replaced by hydrogen gas. The results were the samepas is shown in figure 
3-16 where in the middle the titration curves for 40% of sodium carbonate 
in 0.04, mol/i sodium hydroxide solution using a Radiometer glass electrode. 
In the right hand side of figure 3-16 hydrogen gas was bubbled-through. the 
solution for 90 minutes before the start of titration and continued until 
the end of titration with vigourous stirring . The extra peak was not 
resolved. It is therefore not surprising that the use of a hydrogen 
gas electrode does not show the additional peak either (more explanation 
is given about this in 3.6.1. ). 
3.5-7. EFFECT OF CHANGE OF THE SOLVENT FROM H CLTO D Ol 22 
Different experiments were carried out using 0.25 mol/I deuterohydro- 
chloric acid-d (concentrated DCI : BDH product no. 14084 was diluted with 
D2 0 to the required concentration), was added at a rate of lml in four 
minutes for 25 ml of 0.04 mol/I of sodium hydroxide containing 
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different mole percentages (10,20,30, and 50 ) of sodium carbonate. 
In all cases distilled water was replaced by deuterium oxide as a 
solvent (D 20 99.7% was from Norsk-Hydro-Electric). This had no effect 
on the formation of the additional peak in the titration curves. 
3.5.8. EFFECT OF ADDITION OF DIFFERENT ALCOHOLS AT VARIOUS MOLE 
FRACTIONS TO THF TITRATION SOLUTION- 
Several experiments-were carried out using methanol, -e*thanol and 
t-butanol, as described below: 
i Methanol: titration of 25ml of 0.04mol/l of sodium hydroxide con- 
taining 0.008mol/l sodium carbonate was carried out (the rate of addition 
of 0.25mol/l hydrochloric acid was lml in 4 minutes) with the addition 
of different mole fractions of-methanol. - When the m6le fraction of methanol 
was equal-or greater than 0.25, the extra peak was, removed from the titration 
curve. For X2ý0.2 the peak was present, but only just visible. The 
sodium hydroxide peak was diminished in height, but the other peaks were 
extremely sharp. 
ii) When other alcohols were tried with larger side groups, smaller 
amounts of alcohol were required to make the peak disappear; for example 
for ethanol X210.19 was sufficient, but the peak was still visible for 
X2=0.1 and 0.13 (see figure 3-17). For X2=0.19 several experiments 
were carried out for 25ml of 0.04mol/I sodium hydroxide containing 10, 
20 and 30 mole percent of sodium carbonate and in all cases the peak was 
absent. Again the sodium hydroxide neutralization peak was hardly visible 
and the two other peaks for sodium carbonate were very sharp. 
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iii) t-butanol 
An even smaller amount of t-butanol was required to make the extra 
peak disappear. Experiments were carried out using the following mole 
fractions of it (X 2 -: 0.02,0.04,0.08,0.09,0.112,0.126,0.136 and 
0.18) in 25m) of 0.04mol/i of sodium hydroxide containing 0.008 mol/I 
of sodium carbonate. For X2 greater than 0.08 the extra peak was hardly 
visible and for X2 equal or greater than 0.126 it had completely disappeared 
(see figure 3-18). The experiment was carried out for a fixed mole 
fraction of alcohol (0.126) but with variations in the sodium carbonate 
mole percentages of-10,20 and-30. ---The extra peak, -was absent 
in all 
cases. - Again-the sodium hydroxide peak was diminished in height for 
high mole fractions of alcohol, but the sodium carbonate neutralization 
peaks, especially. the second one, were much sharper. Hence, it seems that 
in all cases the addition of alcohol makes the end-point determination 
of carbonate ions much clearer. 
3.5-9. - ! -EFFECT OF ADDITION-OF-DIFFERENT-CONCENTRATIONS OF-TMACI 
The same type of titration was carried out using a Radiometer glass 
electrode type B and the same make of calomel electrode (type K401 QL-I) 
as a reference electrode, with the addition of different concentrations 
of tetra methyl ammonium chloride. The concentrations used were 0.01, 
0.5,1,2,10,20,50 and 80 times the sodium ions concentration (see 
figure 3-19). 
When the concentration of TMACI was larger than half of the concentration 
of sodium ions, the extra peak was very close to the first sodium carbonate 
neutralization peak, and it was hardly visible, but in all cases the extra 
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peak was present. With the addition of TMACI the neutralization peak of 
sodium hydroxide was sharper than in the previous experiments. This is 
because - -. -TMAOH is. a stronger base than NaOH. 
3.5-10 . 5CHANGE 'OF CATION 1FROM*Na'ý TO TM'A+ AND K+, - I 
i) ions: 
The same type of experiment was carried out using a Radiometer glass 
electrode type B and the same make calomel reference electrode type K401- 
QL-I) for 25ml of 0.04 mol/) potassium hydroxide containing 0.008 mol/I 
0 of potassium carbonate at 25 C (all sodium ions were replaced by potassium 
ions in the titration solutions). The results were the same as before. 
ii) TMA+: ,, 
Again the same, type of experiment was carried out using KS-2 G202B, 
UY-1 G202C, TN-l -G202B and KS-1 G202C Radiometeir 
'glass electrodes as for 
the titration of different mole concentrations of sodium carbonate in 
25ml of. 0.04mol/l'of sodium hydroxide (10,20, and 30%) at 250C. I n" 
8 
all these cases sodium ions were, replaced--rEy ((CH 3)4 N)+ = TMA+ ions. 
It was found that the extra peak moved towards the first neutralization 
peak of carbonate ions, but it was : still present (compare curve C with 
curve F in figure 3-19). it seems that in -these cases the character of 
the solution was changed by presence of side groups in tetra methy) 
ammonium ions, and interaction between -carbon dioxide and the hydrophobic 
groups. of TMA 
+ ions had an effect on the formation of the extra peak. The, - 
neutral ization peak of TMAOH was again sharper than in'the'case of NaOH as'-- 
mentioned in3-5-9- 
7s 
EFFECT OF AMMONIUM CHLORIDE (NH 4 CI) ON TITRATION CURVES 
Two titrations were carried out to show the effect of addition of 
ammonium chloride. In both cases hydrochloric acid (0.25 mol/1) was 
used as the titrant with a rate of addition of lml in 48 seconds. 
A) This was a normal titration of 25m] of aqueous solution of-sodium 
hydroxide 0.04 mol/I containing about 0.008 mol/I of sodium carbonate. 
As is clear in figure 3-20 three peaks were recorded and the extra peak was 
situated so close to the first peak of, sodium carbonate that it became 
a shoulder on the first peak. Therefore, the first peak of neutralization 
is asymmetric. 
B) In this case, the titration solution was the same as A) except that 
about 0.5 mol/I ammonium chloride added into the titration solutfon. 
As is shown in figure 3-20-B, the sodium hydroxide peak was not recorded 
and the first peak of carbonate was greatly diminished in height. This 
is because hydroxide ions-are neutralized by ammonium ions, and because 
the pKa value for ammonium hydroxide and pK2 for sodium carbonate were 
not very different from each other. Hence, there was no clear peak for 
conversion of carbonate to bicarbonate. Instead, the conversion of ammonium 
hydroxide to ammonium chloride was recorded with less height in comparison 
with the first peak of carbonate ions neutralization. 
TITRATION CURVES FOR Ptý2YDROGEN GAS ELECTRODE 
The titration was carried out for Pt//hydrogen gas electrode in a 
I 
solution of sodium hydroxide"with sodium carbonate saturated by hydrogen 
gas . 
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The Pt electrode was made by Ferra (9) as described below was 
used for these experiments. One end of a piece of platinum wire(No. 26) 
(about 2cm in length) was sealed in a soda glass tube and the other end 
spot-welded to a piece of platinum foil (lcm square and 0.1 mfn thick). 
A small amount of-mercury inside the tube made contact between the Pt 
wire and copper wire lead. 
The platinization was done as described by Ferra. The platinum 
foil was coated with platinum in chloro platinic acid in 2mol/I 
hydrochloric acid containing 0.02% lead acetate. A current of 300mA 
was passed for 3 minutes between the elctrode to be coated (cathode) 
0 
and a similar electrode which was used as the anode. After the 
I 
platinization the electrode was washed and stored in distilled water. 
Plots of dE/dV against V (HCIO. 25mol/1) were made using the platinum 
electrode and a Radiometer saturated calomel electrode(type K401 QL-I) 
as a reference electrode , for solut ions of 0.04 mol/i of sodium 
hydroxide containing 10,20, and 30% of mole concentration of sodium 
carbonate. The U tration solutions were saturated with hydrogen gas 
at 250C before the titration started for one hour. Hydrogen gas was 
bubbled both through ihe titration solution and the hydrochloric acid 
that was to be used in the titration . The titration solution was 
vigourously stirred throughout. In all cases the extra peak was absent 
and the height of the other peaks in comparison with peaks for Radiometer 
glass electrode in whic4 the solution was saturated with hydroben gas 
for one hour before starting the titration, were the same (see figure 3-16 
the curves on the left and right hand side). In other words there was 
I 
no difference between the curves for Radiometer glass electrode and Pt 
electrode when solutions were saturated with hydrogen gas. 
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TITRATION CURVES FOR Rh/Rhoxide ELECTRODES 
In this series of experiments, studies of Rh/Rhoxide electrode 
including the effect of temperature were carried out. The electrode was 
made (10) by plating Rh on Rh wire at potential of -400 millivolts 
with respect to the saturated calomel electrode for ninety minutes. 
The length and diameter of the wire were 0.9mm and 0-51mm respectively. 
This electrode was used for plots of dE/dV against volume of hydrochloric 
acid, with a concentration of 0.25mol/l, as previously, with an addition 
rate of Iml in four minutes. In another series 0-05mol/I hydrochloric 
acid was used for the titration. Titrations were carried out, initially 
at 250C and comparison was made with corresponding glass electrode 
results. 
As is clear in figure 3-21 . (titration of 25ml of 0.04mol/l sodium 
ýYdroxide 
containing 0.006 mol/I sodium carbonate with hydrochloric acid 
0'. 05 mol/I with a rate of addition of 1ml in four minutes) the sodium 
hydroxide peak was clearer in the case of the glass electrode than for 
Rh/Rhoxide electrode where it was hard-ty visible. The first sodium 
carbonate neutralization peak was sharper for the glass electrode, but 
the second peak was sharper for the Rh/Rhoxide electrode. In addition 
the trough between the two peaks was higher for the Rh/Rhoxide electrode. 
The extra peak was not clear in the case of Rh/Rhoxide electrode and it 
became a shoulder on, the first peak of carbonate in titration curve. - 
(See figure 3-21). 
A number of titrations were carried outýat the following temperatures: 
55,50,45,41,35,30-aH 250C. About 400C the sodium hydroxide neut- 
ralization peak was not clear, the first pýak of sodium carbonate became 
sharper, and the shoulder (the extra peak) disappeared from this peak, 
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Whereas the height of the second peak fell slightly. Variations of 
the sodium carbonate concentrations had no noticeable effect on titration 
curves. 
TITRATION CURVES FOR*QUINHYDRONE ELECTRODE 
This electrode system is now little used as a means of pH determination, 
but the first derivative curves can be obtained by using this electrode. 
As is shown in figure 3-22, the titration curves with 0.05 mol/I hydro- 
chloric acid at an addition ratd of Iml in four minutes for 25ml of 
0.04 mol/I of sodium hydroxide containing 7.5 mol% of sodium carbonate. 
Results for quinhydrone elctrode (Pt electrode. in 10-3 mol/I H 2Q 
AnalaR reagent of BDH'ih titration solution) and the glass electrode 
were compared. It is clear that the first peak of sodium carbonate was 
sharper withýa shoulder in place of the well-defined extra peak found 
using the glass electrode in similar titrations. In addition, the second 
peak of carbonate diminished in height for the quinhydrone electrode 
compared to the glass electrode titration peak. 
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4.1.1. INTRODUCTION 
The titration process which was described in. the previous chapters 
can be reversed to neutralize the dissolved carbon dioxide in acidic 
solution with a strong base such as NaOH. Again titration curves 
should contain three maxima. The first corresponds to neutralization 
of most of the strong acid; the second corresponds to conversion of 
carbonic acid to bicarbonate (carbonic acid produced through the 
hydration process of dissolved 'carbon dioxide) and the third peak 
corresponds to the conversion of bicarbonate ions to carbonate ions. 
However, the experimental curves again show an extra unexpected 
peak between the first and second peak of titration. The experiments 
described below were carried out for further investigation of this 
peak using the Mettler apparatus. 
4.2.1 PREPARATION OF CARBON DIOXIDE SOLUTION 
To obtain a constant concentration of carbon dioxide in water a 
"Sparklet" syphon was used (a product of British Oxygen Company). 
It was filled with distilled water. The syphon tube was then fitted 
and screwed on tightly. A bulb was inserted into the bulb holder and 
screwed firmly on to the syphon head in accordance with the manufacturers, 
instructions. The bulb was automatically pierced and the carbon dioxide 
discharged. When the gas was no longer heard bubbling into the 
distilled water, the syphon was charged (this took about thirty seconds) 
and the syphon was shaken vigorously for ten seconds. The bufb holder 
was then removed. It was now ready for use. For each experiment about 
84 
20ml of solution was discharged from the syphon into a beaker. This 
was then pipetted from the beaker into the titration cell to obtain 
the required concentration of dissolved carbon dioxide. 
t 
4.2.2. PLOTS OF dE/dV vs VNaOH (O., M) FOR GLASS ELECTRODE 
AND CARBON DIOXIDE ELECTRODE, AND APPEARANCE OF AN 
EXTRA PEAK IN THE TITRATION CURVES 
-Different titrations were carried out for 25m) of 0.02 
mol/I of hydrochloric acid containing different concentrations of 
dissolved carbon dioxide. The titrant was 0.1 mol/I sodium 
hydroxide free from carbon dioxide, with a rate of addition of lml 
in four minutes. Again all the chemicalp used in these titrations 
were made by BDH. 
A Radiometer glass electrode type G202B with the same make of 
calomel reference electrode type K40l-QL-l was used for producing the 
first derivative curves of potential against volume of titrant added. 
The same type of curve was produced using the Radiometer carbon dioxide 
electrode type PS-1-902-123. 
In figure 4-2, the first derivative curves are shown both for 
glass and carbon dioxide electrodes. The hydrochloric acid contained 
about 0.0125 mol/I dissolved. carbon dioxide, and, as mentioned before, 
most of the dissolved carbon dioxide is available in molecular carbon 
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dioxide form and a small fraction of it is in the form of carbonic 
acid. As the titration proceeds, first most of the hydrogen ions, 
which are produced from hydrochloric acid together with a very small 
fraction of hydrogen ions produced by ionisation of carbonic acid, 
are neutralized and the first peak in the titration curve appears 
as indicated by the glass electrode. At the same time a shoulder, 
shown by the carbon dioxide electrode, indicates the start of the 
change in the dissolved carbon dioxide concentration. The increase 
in volume of titrant neutralizes the carbonic acid which was produced 
by the hydration of carbon dioxide in the following reactions: 
Co 2+H20H2 Co 
H2 co 3+ NaOH 
-. w- NaHCO 3+H20 
This produced a peak followed by a. shoulder-An the titration 
curves, when a glass electrode was in use. (See figure 4-2). 
Further addition of sodium hydroxide neutralizes the formed 
bicarbonate to carbonate in the following fast reaction: 
NaHCO 3+ NaOH -- Na 2 CO 3+H20 
The end of titration of this reaction produces another peak 
in the titration curve. Further addition of sodium hydroxide 
V 
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remained unreacted in the titration solution. This was indicated by 
no change in the first derivative of the potentiometric titration 
curve. 
It seems the end of the conversion of dissolved carbon dioxide 
to bicarbonate is indicated by the shoulder on the right hand side of 
the middle peak in the titration curve. So the attached peak is the 
extra peak. This is because the position of the shoulder is halfway 
between the peak for titration of most of hydrochloric acid (first peak) 
and the peak for the conversion of p roduced bicarbonate ions to 
carbonate ions (the third peak of the titrati. on curve). The carbon 
dioxide electrode reacts to dissolved carbon dioxide which has to 
diffuse through the membrane of the electrode. Since the peak for 
the carbon dioxide electrodes and the extra peak (the middle peak for 
the glass electrode) has occupied the same position in the titration 
curves, it can be concluded that the middle peak for the glass-electrode 
(the extra peak) appeared in the titration process when the free 
dissolved carbon dioxide had been exhausted. 
EFFECT OF TEMPERATURE ON THE TITRATION CURVES 
AND REVERSE TITRATION AT DIFFERENT TEMPERATURES 
A series of experiments was carried out at different temperatures 
as shown in figures 4-3 and 4-4. The titration solution was 
0.022 mol/I dissolved carbon dioxide. The rate of addition of 0.25 mol/I 
V 
sodium hydroxide as Iml in 48 seconds. 
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A comparison of the curves for temperatures lower than 25 OC with 
the one for 25 0C shows that the extra peak, which is the highest of 
the four peaks moves towards the peak of neutralization of protons, as 
the temperature decreases. By increasing the temperature of the 
titration solution the extra peak shifts towards the middle peak of 
the titration curve and at temperatures higher than 35 0C the extra peak 
disappears and makes the original peak of carbonate much \ sharper, as is 
shown in figure 4-4 below. Also back (reverse) titrations of the 
titrated solutions-were carried out at different temperatures as is 
shown in figure 4-5, in case (A) the titration of 25ml of 0.0185 mol/l 
of dissolved carbon dioxide was carried out. The titrant was 0.25 mol/I 
sodium hydroxide. Back titration of titrated solution of titration (A) 
was carried out using 0.25 moil] of hydrochloric acid (case B in 
figure 4-5) and in case C back titration of titrated solution of B again 
was carried out producing curve C. Comparison of the curves A and C 
shows that these two curves (A and C) are almost identical to each other 
and demonstrates the reproducibility of the titration curves at the 
same conditions. (All three titrations were carried out at 50C with 
the rate of addition of titrant Iml in 48 seconds). In both curves 
A and C, the extra peak is present in addition to the,,. three main peaks 
of the titration process. The he ight of the middle peak is very small. 
The extra peak is very sharp. In addition, the extra peak Is present 
in case (B) as a shoulder on the right hand side of the middle peak. 
I 
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In figure 4-6 the titration curves for the same type of experiments 
as the previous ones are shown. The only difference is that, in this 
case, the titrations were carried out at 65 0 C. Again curve A is almost 
the same as curve C. A comparison of curves A and B in figure 4-5 
with the same curves in figure 4-6 makes it quite clear that the extra 
peak is not present at 65 0C butit is well defined at 50C. Furthermore 
at high temperatures, the middle peak is symetrical, due to the absence 
of the extra peak. 
In figure 4-7,4-8 and 4-9 the titrations and corresponding back 
titrations are shown at 25,35, and 55 0C respectively. In all cases 
the increase in temperature removes the presence of the extra peak In 
both titrations and back titrations. 
4.3.2. EFFECT OF ADDITION'OF'TMACI AND NaCl ON TITRATION CURVES: 
Three titrations were carried out to show the effect of addition 
of tetra methyl ammonium chloride and sodium chloride to the titration 
solutions. In all cases the titrant was 0.25 mol/I sodium hydroxide 
with a rate of addition of Iml in 48 seconds. All titrations were carried 
out at 25 0C as follows: 
a) This was a normal titration of 25ml of 0.02 moll] dissolved carbon 
dioxide. As is clear from the curve on the lefthand side in figure 4-10 
the extra peak was present and the main middle peak appears as a shoulder 
on the right hand side of ihe extra peak. 
b) In this case the titration solution and also the titration conditions 
were the same as a)'except that 4.5 moll] of tetra methyl ammonium chloride 
was added to the titration solution. As is shown in figure 4-10 the extra 
peak (middle peak) was not present and the main middle peak was much 
sharper than the one on the left hand side. 
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C) In this case the titration solution and the conditions were the 
same as b) except that TMACI was replaced with NaCl at the same concentration. 
A comparison of the curve on the right hand side of figure 4-10 with the 
one on the left hand side shows clearly that the presence of NaCl had 
little effect on the extra peak in comparison with the effect when TMACI 
was present in the titration solution. - 
4.4.1. TITRATION WITH 0.01 mol/I Ca(OH )2 
Two types of experiments were carried out for the titration of 
25ml of 0.00215 mol/I of dissolved carbonýioxide at 250C using a 
Radiometer glass electrode (Type G202B) and the same make of saturated 
calomel electrode (Type K401 QL-I) as a reference electrode. 
In the first experiment titration was carried out with sodium 
hydroxide at a concentration of 0.02 mol/l. The rate of addition of 
titrant was lml in 48 seconds. The corresponding titration curve is 
shown on the left hand side of figure 4-11. 
The second experiment was exactly the same as the first except that 
0.02 mol/I sodium hydroxide was replaced with 0.01 mol/I calcium hydroxide 
(BDH), but as Is shown in figure 4-11 there was no significant effect 
on the extra peak. It has to be noted that, because of the low solubility 
of calcium hydroxide In water, these experiments were carried out at 
lower concentrations of dissolved carbon dioxide and t1trants. 
4.5-1. TITRATION CURVES IN THE PRESENCE OF NH,, CI 
Again two titrations were carried out with 0.1 mol/l sodium 
hydroxide with a rate of addition of lml in 48 seconds at 250C. Radimeter 
glass electrode was used in these titrations(see figure 4-12). In case 
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(A) the titration solution was 25 ml of aqeous solution of 0.01 mol/I 
hydrochloric acid containing about 0.012 mol/I dissolved carbon dioxide 
again three peaks and a shoulder were recorded in the titration curve. 
In case (B) the titration solution was the same as (A) except that 0.5 
mol/I ammonium chloride (BDH: AnalaR reagent: product no. 395280) was 
added to the titration solution. Comparing curve (A) with (B) shows 
clearly that in the presence of ammonium chloride only one clear peak 
was recorded ahd that this corresponds to the neutralization of hydro- 
chloric acid. The other peaks are not clear. 
- Further, experiments were carried out to measure the concentration 
of dissolved carbondioxide in the presence of aqueous solutions of 
ammonium chloride. This will be described later, where carbonic anydrase 
was introduced to-the titration solution. 
4.6.1. REFERANCES: 
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Physical properties and kinetics of Interconversion", NASA, Spec. Publ., 
1969,188,15. 
3) R. E. Loewenthal and G. V. R. Marais, "Carbonate chemistry of aquatic 
systems. Theory and application", ANN ARBOR Science Press USA, 1976, 
Chap. 1. 
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EFFECT OF CARBONIC ANHYDRASE ON TITRATION CURVES 
5.1-1.. INTRODUCTION 
The carbonic anydrases are extremely efficient catalysts for the 
reversible hydration of carbon dioxide with maximum turnover number among 
the highest known for any enzyme (1). The catalytic efficiency of enzymes 
towards carbon dioxide is, however, several orders of magnitude greater 
than towards all other substrates so far investigated, and the physiological 
functions of enzymes are ascribed to the carbon dioxide reaction. The 
carbonic anhydrases play an important role in respiration as well as in 
other physiological processes, where the rapid interconversion of carbon 
dioxide and the bicarbonate ion is essential to the organism. In other 
words, it has the effect of facilitating the transport of metabolic carbon 
dioxide in respiration and it. is also involved in the transfer and 
accumulation of H+ or HCO - in-a wide variety of organisms. 3 
Carbonic anhydFase is very widespread in the natural world and occurs 
in animals (2), plants (3) and certain bacteria. 
Mammalian carbonic anhydrase was first reported in 1932 by Meldrum 
and Roughton who gave it the. name carbonic anhydrase (2). But in the 
plant kingdom (3) carbonic. anhydrase was first detected in 1939 In green 
plants in a study of the composition of certain metabolites and their 
relative distribution in chloroplasts and cytoplasm. 
In 1939, Keilin and Mann (4-5) demonstrated that carbonic anhydrase - 
is a zinc-containing enzyme. - Molecular weights for mammalian carbonic anhydrase 
are about 30,000 (6), whereas the enzymes isolated from plants (e. g. parsley) 
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appear to be considerably larger molecules in size (about 180,000 I. e. 
six times that of the mammalian enzymes (1 and 7). 
From the point of view of composition, all of the mammalian carbonic 
anhydrases studied,. as well as the Neisseria enzyme, are composed of one 
zinc ion and a single polypeptide chain containing approximately 260 
amino acid residues. However, plant enzymes have a hexameric quaternary 
structure (7,8). Each polypeptide chain Is weakly bonded to a zinc ion, 
hence there are six zinc ions in the holo enzyme. Each monomer unit, 
consisting of one polypeptide chain (containing approximately 260 amino 
acid residues) and one zinc ion, has a molecular weight of about 30,000 (7) 
which is similar to the value of the mammalian carbonic anhydrase. 
The zinc ion, which is located just off centre in the molecule, has 
been shown to be essential (9) for the activity of carbonic anhydrase. 
The zinc ion has the highest electron density of the whole map. It has 
three ligands from the protein molecule and a fourth ligand which seems 
to be a water orahydroxyl ion in the active site cavity. The zinc 
coordination is close to-the tetrahedral although rather distorted. The 
greatest deviation from the tetrahedra) angles seems to be around 20 
0. The 
0 
active site cavity has a depth of about 15 A. The zinc ion is located 
about 12 9A from the ellipsoidal surface of the molecule. In the inner part 
of the cavity only one aromatic residue, probably a phenylalanine, Is a 
observed. It is almost completely buried in the structure. Many other 
aromatic residues are found in the neighbourhood of the active site close to 
the centre. Both the aromatic residue of the structure and the other aromatic 
clusters are within 10 
ý of the zinc ion (1). 
Most of the carbonic anhydrases are stable between pH4 and 11.5. Laurent 
et a] (10) showed that human carbonic anhydrase C is irreversibly denatured 
after exposure to pH12-7 for two minutes, whereas the bovine enzyme can be 
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exposed to pH13 for thirty minutes at 00 C without any irreversible 
activity loss (11). In addition Rosenberg and Chakravarti (12) showed 
that there is a loss of structure at lower pH values for carbonic 
anhydrase enzymes. 
CATALYTIC PROPERTIES 
a) the catalyzed reactions: 
Carbonic anhydrase is a widely distributed zinc metalloenzyme 
whose physiological role is to catalyse the reversible hydration of carbon 
dioxide formulated as following: 
C0+H0=H++ HCO- 223 
This reaction has been studied before, over a wide range of pH, as 
described 'previously. Carbonic acid is neglected in equation I because 
0 it is a rather strong aci d, pK H2 CO 3=3.8 
at 25 C. The interconversion 
between H2CO3 and HCO 3 is very fast 
(13,14)-. Hence, -in almost the whole 
pH range of interest for enzyme studies, the concentration of free H 2CO3 
is small compared to that of HCO 3' The value of the equilibrium constant 
K for the reaction of equation I is almost'identical with that of 
the apparent first dissociation constant of carbonic acid (14), K, at 250C 
and zero ionic strength, pK, : 6.352 (14). Thus the molecular ratio of 
concentrations of dissolved carbon dioxide and carbonic acid is approximately 
600 at equilibrium. The value of pK2 for carbonic acid is 10.3; hence 
CO 2- can be neglected at pH values below 8. 3 
b) kinetic studies: 
McIntosh (15) has improved a useful method suitable for kinetic studies. 
The hydration reaction is carried out at a constant pH with the aid of an 
los 
automatic titrimeter. 
The rate of carbon dioxide hydration can be, determined directly 
from the rate of base consumption. In the neutral pH range and at, low 
temperatures, using this method, it is possible to measure rates up to 
15 times (15) faster than the rate of nonenzymic reactions. The carbonic 
anhydrases follow a simple Michaelis-Menten behaviour with respect to 
both carbon dioxide and bicarbonate ions (1). The rate of the enzyme catalyzed 
reaction, ( v is: k (S)(E 
v cat 0 Equation(2) 
K+ (S) 
m 
In the following table selected kinetic parameters of bovine and human 
carbonic anhydrases are shown (1) 
Hydration reaction Dehydration reaction 
Enzyme k 
cat 
KM k 
cat 
KM 
-6 -1 10 s m mol/I -4 -1 10 s m mol/I 
Bovine 1 12 4o 26 
Human C 1.4 9 . 8.1 
22 
Human B 0.2 4 0.3 16 
c) The catalytic mechanism: 
The schematic model for the catalytic mechanism (16) is shown in 
figure (5-1). pH dependence of carbonic anhydrase catalyzed reactions 
has been interpreted as meaning that the activity depends on a group In 
the enzyme with a pKa of approximately 7.0. As is shown in this figure 
the thing which is essential for the function of carbonic anhydrase is 
the existence of a zinc coordinated water molecule and an aromatic group 
in the active site and the ionization-governed activity is closely 
coupled to the metallic ion. v 
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5.2.1 . EFFECT OF CARBONIC ANHYDRASE ON THE TITRATION CURVES OF dE/dV 
AGAINST VOLUME WITH 0.25 mol/I HYDROCHLORIC ACID USING THE GLASS 
ELECTRODE. 
To investigate the effect of a trace of carbonic anhydrase enzyme 
on the titration curves, the following two experiments were carried out 
using a Radiometer glass electrodes type G202B at 25 0 C. 
The first experiment was the titration of 25 ml of 0.04 mol/I 
aqueous solution of sodium hydroxide containing 0.004 mol/I sodium carbonate. 
The rate of addition of 0.25 mol/I hydrochloric acid was Iml in 48s. The 
corresponding titration curve is shown on the left hand side of figure 5.2. 
The second titration was the same as the above except that approximately 
5xl 0-7 mol/I (I milligram) of carbonic anhydrase was added to the titration 
solution. As is shown on the right hand side of figure 5-2. the extra peak 
was removed and because of this the minimum between the two, peaks of carbonate 
was decreased considerably. 
In another series of experiments the titration solutions containedc 
0.008 mol/I sodium carbonate and the rate of addition of 0.25 mol/I 
hydrochloric acid was the same as before. As is shown in figure 5-3, the 
effect of carbonic anhydrase is the same as before, and Is responsible for 
the removal of the extra paek. Because of this, the first peak for carbonate 
becomes sharper (compare curves B and A in figure 5-3). 
5.2.2. EFFECT OF CARBONIC ANHYDRASE ON THE TITRATION CURVES IN THE 
PRESENCE OF AMMONIUM CHLORIDE USING A GLASS ELECTRODE. 
To clarify the effect of carbonic anhydrase on the titration of sodium 
hydroxide solution containing bo'th sodium carbonate and ammonium hydroxide 
at 25 0 C, the following two titrations were carried out, using a Radiometer 
glass electrode. The first titration was carried out with 0.25 mol/I 
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hydrochloric acid witha rate of addition of I ml in 48s, for 25ml aqueous 
solution of 0.04 mol/I of sodium hydroxide containing 0.008mol/l sodium 
carbonate and 0-03mol/l ammonium chloride. (0.03mol/i ammonium chloride will 
react with sodium hydroxide to form 0.03mol/l ammonium hydroxide, so the 
remaining composition of the solution is O. Olmol/l sodium hydroxide, 0.008 
mol/I sodium carbonate and 0-03mol/l ammonium hydroxide). 
In the titration curve, the first peak is due to the neutralization of 
both ammonium hydroxide and sodium carbonate. This is because there is not 
enough difference between the pK values of these two compounds, and hence 
there is no separate peak for each of them. A shoulder on the middle peak 
in the titration curve indicates the end point for the conversion of 
carbonate ions to bicarbonate ions and ammonium hydroxide to ammonium chloride. 
(as indicated by an arrow on the titration curve on the right hand side of 
figure 5-4). By continuing the titration, first the middle peak appeared 
and then the third peak, which indicates the end point oý the conversion 
of bicarbonate to carbon dioxide gas. 
The second titration. was the same as the previous one, except that 
I milligram of carbonic anhydrase was introduced to the titration solution. 
As shown in figure 5-4-B in the titration of this solution, the middle peak 
moved towards the first peak of titration to the same position as the shoulder 
for the middle peak in the first titration and combined with It, but the 
other two peaks were unaffected. This indicates that in the first titration 
the middle peak is the extra peak and the main peak of the titration is 
the shoulder. Since the distance between the middle peak and the third peak 
of neutralization, in the second tI tration corresponds to the concentration 'A- 
of carbonate ions. Hence, by using this value and also the value of titrant 
which was used between thefirst and second peak of neutralization in the 
second run, it is possible to calculate both the concentration of carbonate 
and ammonium hydroxide, which would not be possible in the absence of C. A. 
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5.3-1. EFFECT OF CARBONIC ANHYDRASE ON dE/dV AGAINST VOLUME OF O. Imoill 
SODIUM HYDROXIDE 
Titration were carried out to clarify the effect of the presence of 
carbonic anhydrase on the titration curve of acidic solution containing 
dIssolved carbon dioxide at 25 0C using a Radiometer glass electrode type 
G202B. 
As is shown in figure 5-5, two titrations were carried out for 25ml 
solution of 0.02 mol/l of hydrochloric acid containing about 0.0105 mol/I 
dissolved carbon dioxide with 0.25mol/I sodium hydroxide solution. In the 
first titration no carbonic anhydrase was added into the titration solution, 
in the second titration a trace of'carbonic anhydrase (Imilligram) was 
introduced into the titration solution. 
As is clear from figure 5-5, in the absence of carbonic anhydrase the 
extra peak was well-defined and recorded, but in the presence of carbonic 
anhydrase the extra peak was not-recorded in-the titration curve, and a 
shoulder. on the middle-peak, -representing the main peak of the carbonate 
system, became more pronounced. 
5.3.2. EFFECT OF CARBONIC ANHYDRASE ON THE TITRATION CURVES IN THE 
PRESENCE OF AMMONIUM CHLORIDE. 
The same type of titrations as before were-carried out but in the 
presence of ammonium chloride. A Radiometer glass electrode type G202B 
was again used at 25 
0C. The titration solutions were 35ml aqueous solution 
of 0.017 mol/I hydrochloric acid containing 0.005mol/I dissolved carbon- 
dioxide and 0.0143 mol/I ammonium chloride. 
As shown in figure 5-6 in case of A, where no carbonic anhydrase 
was introduced into the titration solution; first a sharp peak indicating 
the end of protonation of hydrochloric acid appeared and then the next peak 
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was the additional peak, and a very diminished peak at about 7.2 ml of titrant 
also appeared, indicating the end of protonation of dissolved carbon dioxide 
to bicarbonate. The recorded peak at about 14m] of titrant is an indication of 
the end point of the protonation of bicarbonate and ammonium ch)oride. This 
is due to the pK values for these two compounds being nearly the same. This 
makes it impossible to see a separate peak for ammonium chloride protonation. 
However, since the middle peak is very ill-defined (see figure 5-6), it is 
hardly possible to indicate the concentration of dissolved carbon dioxide 
in acidic solutions containing ammonium chloride. 
Introducing a trace of carbonic anhydrase into the titration solution 
solved this problem. The extra peak disappeared from the titration curve 
and the middle peak became sharper, thus providing a good indication of the 
end point of neutralization of dissolved carbon dioxide. At the same time, 
, the other peaks were not affected. 
Using the volume of titrants between the middle peak and the third 
peak, which is an indication of the conversion of both ammonium chloride 
to ammonium-hydroxide and-bicarbonate ions to carbonate ions, it is possible 
to calculate the concentration of both dissolved carbon dioxide and 
ammonium chloride by titrimeteric analysis. In other words it becomes possible, 
to measure the dissolved carbon dioxide concentration in ammonium chloride 
solution. This effect of carbonic anhydrase on these titration curves could 
be used in enviromental and industrial studies. 
5.4.1. EFFECT OF EXCESS AMOUNT OF CARBONIC ANHYDRASE ON THE TITRATION 
CURVES AND THE CORRESPONDING BACK TITRATIONS: 
To clarify the effect of the addition of excess amount of carbonic 
anhydrase on the titration curves, three more titrations with 0.25mol/l 
hydrochloric acid and corresponding back titrations with 0.25mol/l sodium 
hydroxide were carried out at 250C. 
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The titrations solutions' were 25ml of aqueous solution of 0.04 mol/I 
sodium hydroxide containing 0.008mol/I sodium carbonate. As Is shown in 
figure 5-7 in the case of B and C, I milligram and 10 milligrams of carbonic 
anhydrase respectively were added into the titration solution. In the case 
of B the extra peak was not recorded and the middle peak was sharper. But 
in the case C, the 3rd peak diminished in height and the other two peaks 
remained unchanged. In addition a white precipitation appeared in the 
titration process. However, as can be concluded from these results., to obtain 
the best results using carbonic anhydrase as a catalytical reagent In these 
titrations, about I milligram of carbonate anhydrase should be added to 25m] 
of titration solution . 
, 
Corresponding back titrations of titrated solutions of A, B and C were 
carried out with O. 1mol/I sodium hydroxide, as shown in figure 5-8. (Al, BI 
and CI). In addition better results were obtained with the addition of I mill- 
igram of carbonic anhydrase to the titration solutions as shown in figure 
Bl. The rate of-addition of titrant was-Iml in 48s and all of the experiments 
were carried out at-25 0 C. 
5.5-1. EFFECT OF CARBONIC ANHYDRASE ON THE TITRATION CURVES OF dE/dV 
AGAINST VOLUME OF 0.1mol/I SODIUM HYDROXIDE FOR THE CARBON-DIOXIDE 
ELECTRODE. 
Jo investigate the effect of carbonic anhydrase on the titration curves 
of the carbon dioxide electrode, two titrations were carried out using a 
Radiometer carbon dioxide electrode at 25 OC. 
The titration solution in both cases was 25ml 0.02mol/I hydrochloric 
acid containing O. Olmol/l dissolved carbon dioxide. The rate of addition of 
0.1 mol/I sodium hydroxide in both titrations was lml in 4 minutes. The first 
tltrýtion was a*normal titration as shown on the left hand side of figure 
5-9. In the second tiltration 1 milligram of carbonic anhydrase was Introduced 
into the titration solution(as sho, wn on the right hand side of figure 5-9). 
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As a result of this the peak for the carbon dioxide neutralization became 
sharper. This is due to the fast kinetics of the carbon dioxide hydration 
in the presence of carbonate anhydrase in aqueous solutions as mentioned 
previously. 
5.6.1. TITRATION CURVES FOR BALANCED SALT SOLUTION OF WARM-BLOODED 
ANIMALS AND THE EFFECT OF C. A. ON THE TITRATION CURVES. 
A simple version of Earle's solution (1943) was made up as follows; 
6.8g NaCl BDH AnalaR 
0.4g KCI BDH AnalaR 
2.2g NaHC 03 BDH AnalaR 
500 ml of this solution was saturated with 5% carbon dioxide in air at 
37 0 C, by bubbling gas through the solution for four hours. 
10 ml of this solution was taken and 15ml distilled water added 
before titration which was carried out at 25 
0 C. Using 0.1 mol/I sodium 
hydroxide , with a- rate of- addition of titrant of I ml in 
48s, titration 
curves were obtained-as-shown on the left hand side of figure 5-10. 
Back titration of titrated solution was carried out with 0.25mol/l 
hydrochloric acid at 25 0C to obtain the curve on the right hand side of 
figure 5-10. 
Again back titration of titrated solution was carried out, titrating 
firstly with O. lmol/l sodium hydroxide ant then with 0.25 mot-P hydrochloric 
acid. Corresponding titration curves are shown In figure 5-11. 
As is clear from these titration curves, the extra peak is present, 
and comparing the two curves on the right hand side in figures 5-10 and 
5-11 shows that the extra peak is repeatable for balanced salt solution. 
The same type of titrations were again carried out using the sbne balanced 
salt solution as above at the same conditions except that 5xlO-7 mol/I 
carbonic anhydrase was added to the titration solution before starting the 
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titration. Corresponding titration curves are shown in figure 5-12 and 
figure 5-13. A comparison of figures5-10 and 5-11 with figures 5-12 
and 5-13 respectively, shows that in the presence of carbonic anhydrase 
the height of the middle peak increased but the extra peak -was not 
recorded 
Another titration was carried out with 0.25mol/l hydrochloric acid 
for the same balanced salt solution and the above conditions . The curve 
on the left hand side of figure 5-14 was obtained. The same type of 
titration was again carried out with 5xIO-7 mol/I carbonic anhydrase 
added to titration solution before the titration began; the ti. tration 
curve is shown on the right hand side of figure 5-14. Comparison of 
these two curves in figure 5-14 also shows clearly that the extra peak 
was not recorded in the presence of carbonic anhydrase. 
6.7-1. EFFECT OF CARBONIC ANHYDRASE ON TITRATION CURVES OF dE/dV Vs. pH; 
The same type of titration was-carried out, but dE/dV was recorded 
against pHýratfier-than-the volume-of titrant . 7he result is shown in 
figure 5-15 on the left hand side. The extra peak is also recorded as 
expected in this type of titration curve, but it was again removed when 
a trace of carbonic anhydrase was introduced into the t1tration solution, 
as shown on the right hand side of this figure. 
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COMPUTER SIMULATION OF TITRATION CURVES 
0 
INTRODUCTION 
Computer simulation of the titration curves was carried outtto 
obtain theoretical titration curves and clarify the origin of the extra 
peak in the titration curves. As mentioned previously, the rate of 
addition of hydrochloric acid, and therefore the rate of introducing 
carbon dioxide into the titration solution during the course of the 
titration, has an effect on the position of this unexpected maximum. 
This suggests that a kinetic stage is inv6lved in the formation of this 
maximum. Assuming that slow carbon dioxide hydration kinetics could be 
responsible for the appearance of the extra peak in the titration curves, 
computer simulation was carried out considering the effect of this slow 
kinetics stage. The rate constants from the literature were used. It will 
be shown that the only effect of this slow kinetic stage on theoretical 
titration curves was on the height of maximum for the conversion of H 2CO3 
to HCO 3 in these titration curves. This suggests that the additional peak 
is dut, to a new species. Mathematical equations were derived assuming that 
the addditional peak represents a new discrete species. Assuming values 
for the equilibrium constant for the formation of this species, and 
substitution of assumed equilibrium constant values into a computer program 
for modelling titration curve-s, produces titration curves identical to the 
experimental curves and the estimate of the equilibrium constant. In the 
following pages these simulations are described in detail. 
COMPUTER SIMULATION OF TITRATION CURVES FOR CARBON DIOXIDE 
SLOW HYDRATION KINETICS 
Computer simulation of titration curvvs was made using the fundamental 
equilibrium and kinetic rate constant data. To clarify the effect of 
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kinetics and in order to make the appropriate comparisons the simulations 
were carried out in two stages. Firstly assuming there is no time delay 
because of kinetic complications, and secondly, introducing into the 
simulation, the kinetics of the hydration of carbon dioxide in aqueous 
solutions. 
6.2.2. THE*EQUILIBRIUM CASE 
Considering the titration of an aqueoussolution containing a moles 
of dissolved carbon dioxide and a moles of hydrochloric acid, with sodium 
hydroxide with a rate of addition of d(NaOH)/dt(mole s- 
I), 
the relevant 
equilibrium and their equilibrium constants are as follows: 
__a& ý CO 
2+H20 
4w- H2 CO 3 
H CO ýH++ HCO- K (2) 23a 
11CO H++ CO 2- K 2 
+ (4) H20H+ OH K 
For simplicity in the calculation it is assumed that, the change of volume 
of titration solution during the titration is so small as to be negligible. 
Application of the condition of, electroneutrality requires that: 
h+ (Na +)= (C1-) + (OH-) + 2(CO 
2- ) 
where h= (H 
+) 
(co )+ (H CO )t (HCO-) + (CO 
2-) 
223, 
where a is defined to be the total amount of different carbonate species 
present in a given solution, which is equal to initial concentration of 
carbon dioxide. 
Substitution of expressioný for the equilibrium constants K, K and K 1012 
into equation (6) and rearrangement yields: 
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h2h2h 
(Co 
3- 
) 
.(-+-+-+ 1) 
K0KaK2KaK2K2 
a- (CO 
2- ). B, (7) 3 
where. the value of B is defined as the quantity in thesecond bracket in 
the above equation which only includes the h and the other thermodynamic 
constants for carbonate system. In the following equations, the concentration 
of the ýifferent species are represented in terms of B. 
(CO 2- )- aB- 
1 
3 
(HCO-) h B- 1 3K2 
(H 
2 Co 3)'- 
h2 
B-1 
(10) 
KaK2 
(Co 
h2 
-1 (11) 
2) -B K0KaK2 
Kw 
(12) 
(OH )-- 
h 
By substituting equations (8) to (12) into equation (5) the following 
equation was obtained: 
B(h 2+ (NaOH)h (HCI)h -Kha- 2ah 
2.0 
wK2 
Knowing (CO 2), 
(HCI) and the equilibrium constats, K0, Ka, K2 and Kw, it is 
possible to solve the equation for h. This may be acp6inplished humerically 
using a successive approximation method. 
The equilibrium case corresponds to that where the rates of inter- 
conversion of all of the species, in particular CO 2 to H2 CO 3v, is much 
faster than the performance of the titration. 
6.2-3. NON-EQUILIBRIUM CASE 
In o*rder to deal with the case when there is a time delay in the process 
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(1) 
,a1 is defined to be the total accessible carbonate. (Note that in 
order for the titration to be carried out in a normal way CO 2 has to be 
hydrated to 11 2 CO 3 and then H2 CO 3 will take part in the neutralization 
reaction). 
(H CO )+ (HCO-) + (CO 
2- ) 12333 
(1 L) 
It is known (3) that the rate of transformation between the above three 
species iseffectively instantaneous. 
A similar procedure to the above was used to obtain the following 
equation, where B is defined as the quantity in the second bracket: by 
using this equation the concentration of different species can be cal- 
culated in terms of B 1, 
_±2 +h +l) = (C02 1KaK2K2 
Using the electroneutrality condition for the system, the following 
equation can be written: 
BI (h 2+ (NaOH)h -(HCI)h -Kw 
hal 
- 2ha 1=0 K2 
A numerical solution was applied to solve this equation, in which inter- 
conversion of CO 2 to H2 CO 3 is considered to be given by: 
d (H 2 Co 3 
)/dt =kf (CO 2)-kr 
(H 
2 Co 
I 
where kf and kr are forward ýnd reverse rate constants for the process (1) 
respectively. Computer simulation was carried out to calculate the con- 
centrations of various species as a function of time. 
6.2.4. CALCULATION PROCEDURE OF THEORETICAL TITRATION CURVES: 
A listing of the computer program, as written in IBM Fortran IV (1) 
0 
is given in the following pages. The equations (13) and (16) are solved 
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by an iterative procedure (C05ABF) called from Numerical Analysis Programs 
library (2). The schematic simulation process for obtaining titration 
curves with slow kinetics is shown in figure 6-1. The equilibrium and 
kinetic values used for this calculation are shown below: 
KO=, kf/kr ' 0.0015 kf=0.03s- 1 (3) kr :- 20s-1 (3) 
Ka ý3.10- 
4Ka; 
'-- K1 (1 + l/K 0) 
K24.7x10- 11 (4) 
KW 1.0x10- 14 (5) 
the curves B in figures 6-2 and 6-3 were obtained using these values. 
To clarify the effect of kinetics, two more simulations were carried 
out; in case C it is 'assumed that the hydration process for the carbon 
dioxide is 100% slower than that indicated by literature values. Curves 
C in figures 6-l'and 6-2 were obtained where the values for-k f and kr were 
0-015s- I and lOs- 
1 
respectively. In the third simulation calculation, 
it was assumed that the process (1) is fast, and all carbon dioxide is 
available in the form of H2 CO 3' the calculations produced curves A in 
figures 6-2 and 6-3. 
As is clear from 6-2 and 6-3, the only effect of slow kinetics of 
hydration of carbon dioxide is on the height of the middle peak (the 
maximum for the conversion of carbonic acid to. bicarbonate ions) and-the 
other peaks remai-ned unaffected. These calculations were carried out in 
40,000s with At-= dt =O-ls. The rate of addition of sodium hydroxide 
was 10- 
6 
mol/s. (This is the same as the experimental case where, 0.25mol/i 
sodium hydroxide was added to the titration solution at-a rate of Iml in 
4 minutes. ) Initial concentrations of both HCI and CO 2 were 0.01 moil). 
f 
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COMPUTER SIMULATION OF TITRATION CURVES CURVES 
WITH SLOW KENETICS : 
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6.2-5. EFFECT OF RATE OF ADDITION OF TITRANT ON THEORETICAL 
TITRATION CURVES 
To clarify the effect of addition of HCJ, more calculations were 
carried out. As shown in figure 6-4-1 and 6-4-2 when the rate of 
addition of HCI was 2xlO-7 mol/s, the effect of kinetics of hydration 
of carbon dioxide on the height of the middle peak is also negligible 
as can be seen by comparing curves A (fast) with curves B (kinetics 
involved in calculations). 
Figures 6-4-3 and 6-4-4 correspond to the case where the rate of 
addition of HCI was 2.5 x 10- 
5 
mol/s. It is clear that taking into 
account the kinetics of hydration has not only reduced the height of 
the middle peak but also has had an effect on the position of the middle 
peak, since the middle peak has appeared sooner than it should do. 
But as-figure 6-4-4--shows it has had very little effect on the pH of 
the appearance of this peak (again curves A, B and C are the same as 
figure-6-2 and 6-3). By calculation it is found that when the rate of 
addition of HCl is greater than 10-5 mol/s, kinetics has an effect on 
the position of the middle peak. 
6.3. COMPUTER SIMULATION OF TITRATION CURVES INCLUDING 
THE EFFECT OF THE PRESENCE OF AN ADDITIONAL SPECIES 
Two different hypotheses can be postulated to describe the existence 
of an additional species as follows: I 
1) The extra peak results from a triple ion triply charged complex 
2- formed from CO 2 and CO 3 
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2) The extra peak is a result of a triple ion singly charged complex 
formed from C02 and HCO 3' 
For simplicity, in this section the kinetic stage was ignored, there- 
fore it is assumed that all the CO 2 is available in the form of H2 CO 3 in 
aqueous solutions. So in equation number 2, Ka is replaced by KI (apparent 
constant value. 
HYPOTHESIS 1 (Hl) 
This assumes that the novel feature relates to the formation of a 
complex triple ion of two carbonate ions and a hydrogen ion with a 
structure of H(CO 
3- 
, and formed by the reaction as follows: 32 
Co + OH- + CO 
2- H(CO )3- (18) 232 
Consider a solution containing a-moles of H 2CO3 to which NaOH is added 
in increasing amounts b(= 2ax) moles, where x can be regarded as the 
degree of advancement of neutralization. 
From equilibrium considerations: 
(HCO-) =h (C02-) 3K2,3 
2 
(H CO )=h (HCO jl: - (C02 (20) 23K1K23 
SuPpose (HCO-) +ý (CO 2- (H (CO (21) 32 
(H (CO ) 3- =K (HCO-)(CO 
2- )= 
K3h 
_ (CO -) (22) 3 2) 333K2 
Mass balance for carbonate system is as follows: I 
(H CO )+ (HCO-) + (CO 
2- )+ 2(H(CO )3-) (23) 2332 
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(h 2AK+ h/K + MCO 
2- 
+ 2K h(CO 
2- )2 /K 1223332 
(h 2+ hK +KK) (CO 
2- )/(K K)+ 2K h(CO 2- )2A (24) 112312332 
Equation (24) is quadratic in (CO 
2- ) and differentiation of this equation 3 
yields: I 
0=d« (h 2+ hK +KK) (CO 
2- ))AK) /dx + (2K A) (d (h (C02-) 
2) /dx) = 11231232 
2' 2 2- (2h +K 1)(COP 
(dh/dx)/K, K2 +. (h + hK, +K1K2 )(d(CO 3 
)/dx)/K 
1K2 
+ 2K (CO 
2- )2 (dh/dx)/K + 2K h2 (C0 
2-) (d(CO 2- )/dx)/K 
332332 
(d (CO 2- ) /dx) ( (h 2+ hK +KK )/K K+«h (CO 
2- )/K )= 
311212332 
- (dh/dx)«2h +K )(C02-) AK+ 2K (CO 
2- )2A) (25) 
1312332 
or d(C02-)/dx = -M(dh/dx) (25) 3 
where M= «2h +K )(CO 
2- )/K K+ 2K (CO 2-)2 /K )/«h 2+ hK +KK )/K K 131233211212 
4K h (CO 2- )/K 332 
Charge-balance requires that: 
Then: 
whe re: 
h+ (Na-") = (HCO-) +2 (CO 
2- )+ VHC 03-) + (OH-) 326 (26) 
(dh. /dx) + 2a = (C02- ) (dh/dx) /K + (h/ K+ 2) (d (CO 
2- )/dx) - 3223 
(K /h 2) (dh/dx) + UK (CO- 
2)2 /K )(dh/dx) + 
w332 
OK h, ý2(CO 
2- )/K )(d(CO 2- )/dx) = (dh/dx)«(CO 
2- )/K 
332332 
M«h/K )t 2) +M (CO 
2- )2 /K )- 3K h. 2(CO 2- )M -KA2 233233w 
(dh/dx) +2a =N (dh/dx) so: (dh/dx) = 2a/(N - 1) 
(dlnh/dx) =(2a/(N - I)h) (27) 
, N= 
«(CO 2- )/K )- li«h/K )+ 2) +OK (C02-) 
2A)- 
322332 
OK h. 2(CO 2- ) M/K (K A2 332w 
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Using the PDP8 computer, equation (27) was solved. A listing of the 
computer program, written in Fortran, and also the procedure for calculations 
are given in the following pages. Figure 6-4 shows the schematic simulation 
process for obtaining titration curves. Substitution of assumed equilibrium 
constant values (K 3) into this program for modelling the titration curves 
2 produced figures 6-5'to 6-10. The values chosen for K3 were 1,10,10 
2x 103,104 , and 105 respectively. The corresponding results are shownin 
Tables. 1-6 of appendix -As shown in all the figures, the curve for dlnh/dx 
vs. pH and dinh vs. pH and also the fraction of different species of 
carbonate system at different pli values are calculated and drawn by the 
computer. 
As is clear by comparison of these theoretical curves, the height 
of the additional peak is comparable with the experimental one when the 
value for K3 is around 103, but, as was expected, the additional peak 
appeared between the end-points of OH and CO 
2- 
ions, which is not the right 3 
position when it is compared with the experimental curves. So the most 
probable hypothesis is hypothesis 2 (H 2 
)-which is described as follows. 
0 
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C CATEOB - VERSION fII/NULL 19-JLIL-79 
C 
DIMENSION Y(8) 
WRITE 0yI0) 
10 FORMAT (20X'CATEQB VERSION III/NULL 19-JUL-79'//) 
20 READ (lr30)A 
30 FORMAT ('EA3 = IE10#2) 
READ (IY40)AKI 
40 FORMAT ('KI = 'EIO*2) 
READ (IP50)AK2 
50 FORMAT ('K2 = 'E10*2) 
55 READ (lySO)AK3 
60 FORMAT ('K3 = IEIO#2) 
READ (lv70)AKW 
70 FORMAT ('KW E10#2) 
100 WRITE (IP85) 
05 FORMAT (//) 
READ (lrll0)IMODE 
110 FORMAT ('SELECT MODE - (I PRINT; 2 GRAPHIC'r 3 RESTART**) 
III) 
IF (IMODE)100rlOOP120 
120 IF (IMODE-3)13OP20PIOO 
130 IF (IMODE-2)14OY14OP20 
140 READ (IP150)N 
150 FORMAT ('NO, OF POINTS = 114) 
IF (I024-N)140yI55vI55 
155 READ (lP160)AHF 
160 FORMAT ('INITIAL VALUE OF H = 'EO, 4) 
READ (IP170)AHL 
170 FORMAT ('FINAL VALUE OF H = IES. 4) 
75 READ (IPBO)IS 
Go FORMAT ('SELECT H INCREMENT - (I = LIN; 2= LOG#*) 'Il) 
IF (IS)75s, 75Y90 
90 IF (IS-2)175rl75y75 
175 IF (IMODE-2)200ylBOY20 
180 REAL, (lrI85)NlvN2vN3vN4 
185 FORMAT ('SELECT TERMS TO BE PLOTTED '3(Ily2H; )IlylH**) 
READ (lrl90)S 
190 FORMAT ('DYNAMIC RANGE -f OR - 'E12*4) 
S=2047*/S 
F=(100*0*S)/A 
IR=-l 
GO TO 215 
200 WRITE (IP210) 
210 FORMAT (/7X'(1)'10X'(2)111X' (3)'IOX'(4)'BX'(5)'IIX' 
- 1(6)'13X'(7)'IOX'(0)1/6X'Eii+3 '11XIX'9X'DLNEH+3/IIX'6X'F*-HI 
11OX'T'10X'EC03""3'9X'EHC03'3 '6X'[t42CO33'/) 
215 IF (IS-I)220y220r230' 
220 DH=(AHL-AHF)/FLOAT(N) 
GO TO 240 
230 Ill. t4=(ALOG(AHL/Al-IF))/FLOAT(N) 
240 AH=AHF 
AK12=AKI*AK2 
AK23=AK3/AK2 
DO 330 I=IrN 
AH2=AH*AH 
AH3=AH*AH2 
AHK23=AH*AK23 
Dl=AK12+AH*AKI+Ati2 
IF (AK3)55p245r248 
2ý5 D2=4. *AH*AK2+AK12+Atl2 
D4=A*AH*AKI*112/(DI*Dl) 
150 
113=2#*A/(AH4-D4+AKW/All) 
A2=AK12*A/Dl 
BC=Ati*AK1*A/Dl 
B=-AH+A*AK1*(A[4+2#*AK2)/bl+AKW/Af4 
HC=At42*A/Dl 
T=O 
00 TO 265 
248 Al=rll/(2#*AKI*AK3*AH) 
ARG=AI*AI+2#*A/AHK23 
A2=(-AI+SGRT(ARG))/2# 
A22=A*AK12/Dl 
IF (A2-0#000001*A)250r250Y260 
250 A2=A22 
260 A2X=A2*A2 
AM=(2#*AH+AKI)*A2/AK12+2#*Alý23*A2X 
AM=AM/(Dl/AK12+4#*AK23*AH*A2) 
AN=ANI+A2/AK2-AM*(2#+AH/AK2) 
ANI=3#*AK23*A2X-6**AK23*Aý4*A2*AM-AKW/Aý42 
T=AK23*At4*A2X 
DC=A2*AH/AK2 
D3=2#*A/(AH*(l*-AN)) 
tiC=A2*AH2/AK12 
B=-AH+(2++AH/AK2)*A2+3**AH*A2X*AK23+AKW/Aý4 
265 X=B/(2**A) 
G=-0#43429*ALOG(AH) 
IF (IMODE-2)27OP29OY20 
270 WRITE (IP280)AtljXsEl3iGrTiA2jBCYHC 
280 FORMAT (IXY3(El2#4v2X)PF8*2p4(2XPE12*4)) 
GO TO 300 
290 Y(I)=AH 
Y(2)=X*200#0 
Y(3)=D3*S 
Y(4)=G 
Y(5)=T*F 
Y(6)=A2*F 
Y(7)=BC*F 
Y(B)=HC*F 
NP1=IFIX(Y(Nl)) 
NP2=IFIX(Y(N2)) 
NP3=IFIX(Y(N3)) 
NP4=IFIX(Y(N4)) 
IA=(I-I)-2047 
CALL CAT (IAPNPlYIR) 
IA=IA+1024 
CALL CAT (IAPNP2ylR) 
IA=IA+1024 
CALL CAT (IArNP3vIR) 
IA=IA+1024 
CALL CAT (IAYNP4tIR) 
'300 IF (IS-1)31OY31OY320 
310 AH=AH+Df4 
GO TO 330 
320 AIH=ALOO(AH)+DLH 
AH=EXP (AIH) 
330, CONTINUE 
IF (IMODE-2)350P340Y350 
. 340 CALL CAT (OPOP-4) 
: 350 60 TO 100 
END 
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COMPUTER SIMULA7ION OF TITRATION 
CURVE WITH ADD, SPECIES (Hj) 
NEW SPECIES* 2- k3 3- C03 + HC03- [HC2061 
X=0 --s-i 
DEGREE OF 
ADV40F TITRATION 
(CO3ý) = F(H+) 
d(H+) 
------ = FIC030ý dX 
CHOSEN (H+) VALUES 
d(PH) dE 
- (K 'd X (PH 
FLOW DIAGRAMS FOR 
FIG 6-4 
MASS BAL. 
CHARGE BAL. 
-1 . 
152 
x 
I' 
vi 
c2. 
x- 
v- 
c 
0 
(11 
CD 
:Z= Lj 
CY% U- 0 0 4- in 
(U r_ 0 
E 
(0 Li 
ro 9- -% 
cl- r_ 
xZ 
1C2 U- '0 4- 
+ 
Lri gn 
-C2 X j3 c 
. 12 
t- r2 - 
m Ob 0 
V- 
rn 
0' 
= 0. 
Ln 
rn 
a 
Lr 
UZ 
LLý 
153 
-r-,:, 
I- 
C7% 
CA. 
r- 
Ln 
V- 
4. 
-n I- 
0 
Ln 
m 
M 
c 
CD 
LJ 
C, 4 ti 
LL- 
4A 
ro t- 
Li 
X tu 
%Z. 
+ 
c: (U 
-a x re CZ 
. r2 ti tn E 
Ob 0 Lj 
Co ci %0 
0 
%m 
:1L, 3 
n *Z 
cL 
Ln 
m 
Y%PI[4. H Jul F 
C%J 
cD 
x 
154 
--I- -I, - 
r rl" 
I- 
I- 
C7% 
C3. 
r- 
Ln 
rn 
T- 
C 
rn 
C7% 
Ln 
cc 
M 
CD 
ca. C, 4 
LL. 
tio 
vi M 
ro 9- r_ cm (U 
X 
1C2 
Z U- . (U 10 1.; %- 0 
+ 
V) 
-C: r X J: 2 
ja IL; -4. - 0 E 
Ob -a 0 Li 
< ca (-) 1 
LUD 
Ln LL- 
C% 
r- 
Ln 
rn 
9. -j Ir- 
y 
155 
a' 
Ln 
m 
-7 V- 
rn 
0% 
Ln 
rn 
4- 
0 
a 
(V 
CD 
(9 c V) 04 
ta 
0. 
.0 
Z; 
L- 
V) 
iz 
E 
Li 
COO 
LO 
LLý 
I- 
C7% 
C3. 
r- 
Ln 
rn 
156 
-t 
Ct 
V) 
gn 
CL 
1C2 
4- 
c 
(U 
CD 
ti 
CM 
cz 
LL 0 0 
0 
ro 
-4- (0 L- 
Li 
* - 0 <, 
b 
r_ (V -b- 
Z 
x 
. t3 ti 
-b- 
V) E 
Chb 
m 
< c> 
u0142eiA 1 
dc; CZ) -ti %0 %- LID 
f2 -Z 
r- q- 
11 Z 
22 
: 3- 
I 
c 
ýn 
rn 
q- 
Ir- 4u6J J"d 
x 
157 
m T- 
CL 
r- 
Ln 
rn 
ul 
m 
CD 
[., H lul P 
cc 
W 
C: 
0 
Ln 
10 
a rm 
CD 
C%i 
LL- 
ro c IA 
r= 
(U 
X 
c: 
Z 
cn 
LL» 
+ ro 
. £2 
zý 
V) 
C=) 
'ICT 
CL 
i"-' J'd 
158 
6.3.2. HYPOTHESIS 2 (H2) 
As described previously the additional peak may be due to CO 2 and HCO 3 
ion complexation forming a new species in the presence of water. 
HCO 3+ CO 2+H20=, "H 3c20 
For simplicity it is assumed that: 
HCO- +H CO =HC0- (28) 3233 
ý2 
Again an equilibrium constant is associated with process (281, denoted by 
K3: 
(H 
3C20 6f =K3 (H CO 3) 
(H 2 CO 3) 
(29) 
Using equations (19) and (20) and considering the above equilibrium process 
(H C0 (K /K K2 )h3(CO2- )2 (30) 32 
J'ý 
3123 
Mass balance for carbonate system including the new species Is as follows: 
a= (H CO )+ (HCO-)'+ (CO 
2- )+ 2(H C 0- (31) 233332 6) 
((h 2 /K K+ (h/K )+ 1)(CO 2- )+ (2K A K; )h 
3(CO2-)Z 
1223313 
=((h 
2 
+ýM +KK /KlK 
2- )+ (2K AK2 )h 3(CO2- )2 (32) 1 2) 2)(CO3 3123 
This equation is again quadratic in (CO 
2- ) which is similar to hypothesi's 3 
I (HO . I 
Differentiation of this equation gives: 
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0 =r- d Ch 
2+ hK +K Ký(CO 
2- )YIK K )/dx + (2K AK2 )d(h3(CO2-)2) /dx 113123123 
= Mh +K)AK )(CO 
2- ) (dhldx) + «h 
2+ hK +KKAK) (d (C02-) /dx) 112311 2) 123 
2 2- 2223 2- + (2K AK )(CO ). 3h (dh/dx) + (2K AK )h 2(CO )- 
,31233123 
(d(C02 )/dx) 
3 
(d (CO 2- ) /dx) ( (. (h 2+ hK +KK )/K K)+ (4K h3(CO2- )AK2»= 3'112123312 
(-dh/dx)«(2h +K )/K K 
2- »+ (6K h 2(CO2*, ý)2 AK2 11 2(C03 3312 
or (d (CO 
2- )/dx) = -M(dh/dx) (33) 
whe re: M= «(2h +K )/K K )(CO 
2- »+ (6K h2 /K K 2)(CO2-»/ 12123312332 
2- % «(h + hK 1+K1K2 )/K 1K2)+ 
(4K 3hA1K2) (CO 3 
Charge balance requires that: 
h +. (Na+) = (HCO-) +2 (CO 
2- )+ (H C 0-) + (OH-) (34) 
.33326 
h+ 2ax'= «h/K )+ 2)(CO 2- )+ (K h3 /K K2 MO 
2- ) 
Z. 
+KA (35) 233123w 
(dh/dx) + 2a = «CO 
2- )/K )(dh/dx)-+ «h/K )-+ 2)(d(CO 2- )/dx)- 322-3 
(K /h 2 )(dh/dx) + (3h 
2KAK2 HCO 2- ) 
1- 
(dh/dx) + 
.w3123 
(K h2 /K K2). 2 (CO 2- )(d(CO 2- )/dx) (36) 3123ý3 
substitution of values from equation (33) in equation (36) yields: 
(dh/dx) + 2a =(dh/dx)«(CO 
2- )/K )-M(h/K + 2) + Oh 
2KAK2 HCO 2- )2_ 
3223123 
(2K h2AK2 HCO 2- )M - (K /h 
2» 
312,3 w 
so: (dh/dx) + 2a = (dh/dx)N 
or: (dh/dx) = (2a/(N - 1)) (37) 
or: (dlnh/dx) = (2a/(N 1)h) (38) 
where: N =MCO 
2- )/K )-M(h/K + 2) + Oh 
2K /K K2 )(CO 2- )2_ (2K h2AK2 HCO 2- )m - 3223123123 
- (K w 
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Again the PDP8 computer was used to solve this equation. A listing of the 
computer program, as written in Fortran, is shown in the next pages. Also 
in figure 6-11, the procedure for calculation is shown. 
Substitution of assumed equilibrium constant values (K 3) 
into this 
program for modelling titration curves produced figures 6-12 to 6-25. The 
values for K3 are shown on each figure respectively. The corresponding 
results are shown in tables 7-20 of appendix, 'As shown in all figures, 
the curves for dinh/dx vs. pH and Inh vs. pH and also the distribution 
diagrams of different species of carbonate at different pH values are 
calculated and drawn by computer. 
As is clear from these theoretical curves, the additional peak appeared 
between the first and the second neutralization peaks of carbonate ions which 
is comparable with the experimental peak. Also to clarify the effect of 
K3 on the titration curves, a superimposed curve with different values for 
K3 is shown in figure 6-26; For compprison of the theoretical and experimental 
curves and the determination of-K*, a series of curves (for different K 33 
values) is shown in figure 6-27. 
Comparing these curves with figures 6-28 to 6-30, where the experimental 
curves of dE/dV vs. pH is shown, indicates clearly that the value for K 
is about 103. 
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TY RXA1##CATE07*FT/T 
C CATE07 - VERSION H2/NULL 13-SEP-79 
C 
DIMENSION Y(9) 
WRITE (IrIO) 
10 FORMAT (20X'CATE07 VERS ION H2/NULL 13-SEP-79'//) 
20 READ (IP30)A 
30 FORMAT ('1A3 = IE10#2) 
READ 0Y40)AKI 
40 FORMAT (lKl = IE10.2) 
READ (IP50)AK2 
50 FORMAT (IK2 = IE10#2) 
55 READ (lr60)AK3 
60 'FORMAT (IK3 = 'E10#2) 
READ (lt70)AKW 
70 FORMAT (IKU = IE10#2) 
100 READ (lvll0)IMODE 
110 FORMAT ('SELECT MODE - (i PRINT; 2 GRAPHICY' 3 RESTART: ) 
iii) 
IF (IMODE)100710OP120 
120 IF (IMODE-3)130v20yl00 
130 IF (IMODE-2)14OY14OP20 
140 READ (IP150)N 
150 FORMAT ('NO* OF POINTS = '14) 
IF (1024-N)14OP155PI55 
155 READ (lrl60)AHF 
160 FORMAT ('INITIAL VALUE OF H = 'E1092) 
READ (lrl70)AHL 
170 FORMAT ('FINAL-VALUE-OF H = 'E10#2) 
75 READ (lv80)IS - 
80 FORMAT ('SELECT H INCREMENT (1 = LINI, 2 L0G##) 'Il) 
IF (IS)75r75v90 
90 IF (IS-2)175PI75y75 
175 IF (IMODE-2)20OP18OP20 
180 READ (lrl85)NlPN2rN3pN4 
185 FORMAT ('SELECT TERMS TO BE PLOTTED '3(Ilr2H; )IlvlH: ) 
READ (IY190)S 
190 FORMAT ('DYNAMIC RANGE + OR IE12*4) 
S=2047*/S 
F=(100*0*S)/A 
IR=-l 
00 TO 215 
200 WRITE (lP201) 
201 FORMAT (/////) 
WRITE (IY10) 
WRITE (IP410)A 
WRITE (lv400)AKlrAK2vAK3rAKW 
WRITE (IY210) 
v 
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210 FORMAT (/7X'(1)'10X'(2)'11X'(3)'10X'(4)'BX'(5)'IIX' 
1(6)'13X'(7)'IOX'(8)'IOX'(9)'/6X'EH+3'IIX'X'9X'DLNEH+3/fiXI 
16X'PH'IOX'T'IOX'EC030'3'9X'rfIC03*3'6X'rH2CO33'5X 
I'DLNECO23/DX'/) 
215 IF (IS-1)220r220r230 
220 DH=(AHL-AHF7)/FLOAT(N) 
60 TO 240 
230 DLH=(ALOG(AHL/AHF))/FLOAT(N) 
240 AH=AHF 
AK12=AKI*AK2 
AK23=AK3/AK2 
DO 330 I=lyN 
AH2=AH*AH 
AH3=AH*AH2 
AHK23=AH3*AK23 
Dl=AK12+AH*AKl+AH2 
IF (AK3)55p245r248 
245 D2=4**AH*AK2+AK12+AH2 
D4=A*AH*AKI*D2/(Di*rll) 
D3=2#*A/(AH+D4+AKW/All) 
A2=AK12*A/Dl 
BC=AH*AK1*A/Dl 
B=-AH+A*AK1*(AH+2#*AK2)/1114. AKW/Af-I 
DC=AKI*(AH+2**AK2)*D3/Dl 
HC=AH2*A/Dl 
T=O 
60 TO 265 
248 AI=Dl/(2**AHN23) 
AI=Dl/(2**AHK23) 
ARG=AI*AI+2**A*AK12/AtiK23' 
-A2=(-AI+SORT(ARG))/2# 
A22=A*AK12/Dl 
IF (A*0#9-A2)25OY25OP260 
250 A2=A22 
260 A2X=A2*A2 
AM=(2#*AH+AKI)*A2/AK12+6#*AK23*AH2*A2X/Alý12 
AM=AM/(Dl/AK12+4#*AIIK23*A2/AK12) 
ANI=3**AK23*Af42*A2X/AK12-2#*AHK23*A2*AM/AK12 
AN=ANI+A2/AK2-AM*(2#+AH/AK2)-AI<W/Afllg. 
T=AK23*AH3*A2X/AK12 
BC=A2*AH/AK2 
r[3=2#*A/(AH*(I*-AN)) 
IIC=(2#*A2-A[4*AM)*D3/A2 
HC=A2*AH2/AK12 
B=-AH+(2#+AH/AK2)*A2+AFIK23*A2X/AK12+AKW/AH 
265 X=B/(2#*A) 
G=-0,43429*ALOG(AH) 
IF (IMODE-2)27OY29OP20 
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270 WRITE (IP280)AtIYXPD3yGt-TYA2pltCjHC9, DC 
280 FORMAT (IXY3(El2#4p2X)rF8#2r5(2XYE12#4)) 
60 TO 300 
290 Y(I)=AH 
Y(2)=X*800#0 
Y(3)=D3*S 
Y(4)=G 
Y(5)=T*F 
Y(6)=A2*F 
Y(7)=BC*F 
Y(B)=HC*F 
Y(9)=DC*S 
NPI=IFIX(Y(Nl)) 
NP2=IFIX(Y(N2)) 
NP3=IFIX(Y(N3)) 
NP4=IFIX(Y(N4)) 
IA=(I-I)-2047 
CALL CAT (IAYNPlPIR) 
IA=IA+1024 
CALL CAT (IAYNF'2yIR) 
IA=IA+1024 
CALL CAT (IAYNP3rlR) 
IA=IA+1024 
CALL CAT (IAvNP4rM 
300 IF (IS-1)31OP31OY320 
310 AH=AH+DH 
00 TO 330 
320 AIH=ALOG(AH)+DLH 
AH=EXP (AIH) 
330 CONTINUE 
IF (IMODE-2)335v34OP100 
. 335 WRITE (IY201) 60 TO 100 
340 CALL CAT (OrOP-4) 
350 60 TO 100 
40or -, FORMAT (f3XKl = 'EIO*2oIOX'K2 'ElO#2vlOXIK3 ="ElO#2r 
IIOX'KW = IE10*2y//) 
410 FORMAT (7X'EA3 = IE10,2) 
END 
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COMPUTER SIMULATION OF TITRATION 
CURVE WITH ADD. SPECIES(H2) 
NEW SPECIES: U 
C02 + HCO3 - IH3C2061 
IA MOLES H2C031 
2AX MOLES NAOH 
MASS-BAL. 
CHARGE-BAL# 
X= () -W. i 
DEGREE OF 
ADV*OF TITRATION 
T (H+TY - ( C03ý- d(H+ ) 
F-(CO' 
dX 
CHOSEN (H+) VALUES 
d(PH ) dE I 
dX 'd(PH ) 
0 
v 
FLO14 DIAGRAM FOR " H2 " 
FIG 6-11 
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6.4.1. MATHEMATICAL EQUATIONS AND THEORETICAL CURVE OF, -. dln(CO 2 )/dx 
VS. pH FOR C02 ELECTRODE: 
According to equation (20) where the kinetics stage was ignored: 
(H CO )= (CO )= (h 2AK) (CO 
2- ) 
232123 
differentiation of this equation yields: 
(d(CO )/dx) = (2h/K K )(dh/dx)(CO 
2- 
+ (h 
2AK )(d(CO 2- )/dx) 
2123123f 
= (2h/K K) (dh/dx) (CO 
2- )- (h 2AK )M(dh/dx) 
1212 
since: (d(CO 
2- )/dx) M(dh/dx) 3 
so: (d (CO 2 
)/dx) = Wh/K 1K2 
HCO 2- )- (h 2A1K2 )M)(dh/dx) 
and therefore: 
)/dx) = «2h(CO 
2- h2 M)/K K (WCO 
2» 
(d (C02) /dx) = (dIn(CO2 312 
(dh/dx)/(h 2AK )(CO 2- ) 
123 
and (dln(CO )/dx) = «2h (C02-) -h2 M)/h 
2 (Co 2 »(dh/dx) 
233 
=«2h(CO 
2- )-h2 M)/h(C60 2- »(dnlh/dx) 33 
= (* (2 (CO 
2- )- hM)/(C02- »(dlnh/dx) (39) 
Using the PDP8 computer, eýuation (39) was solved. Figure 6-31 shows the 
theoretical titration curve along with the first derivative curve which 
was obtained using a Radiometer carbon dioxide electrode in the titration 
as described previously. 
As is clear by comparison of these two curves, first of all, the 
theoretical curve is dln(CO 2 
)/dx vs. pH but the experimental curve is 
dE/dV vs. VNaOH (it was not possible to obtain the experimental curve 
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the same as the theoretical one for the carbon dioxide electrode, using the 
Mettler equipment) In spite of this, these two curves are the same except 
at high pH values (pH = 11). There is a clear peak in the theoretical curve 
but this is not very clear in the experimental curve. This could be due to 
sluggish response of the carbon dioxide electrode at high pH values. 
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DETERMINATION OF CO 2- BY DIRECT POTENTIOMETRIC 3 
MEASUREMENTS USING AN ION SELECTIVE ELECTRODE: 
7.1-1. INTRODUCTION: 
The term ion-selective is applied to a range of membrane electrodes 
which respond selectively towards one or several ion species in the pres- 
ence of others(l). I. S. E. is the abbreviation for the ion selective 
electrode. The main appeal of I. S. Els lies In the simplicity of the meas- 
urement technique and instrumentation and their suitability for contin- 
uous monitoring, which makes them particularly useful in routine analysis, 
pollution control and in biological and medical studies. Direct measure- 
ment of carbonate and bicarbonate concentrations is particularly im- 
portant and this can be done by using such electrodes. Several papers 
have been published concerning a liquid carbonate-selective membrane elec- 
trode by Herman and Rechnitz (2,3). Accordi. ng to their work, a liquid 
membrane electrode, which is highly selective to carbonate, exhibits 
Nernstian response over a wide range of carbonate concentrations. Our 
experimental results wereýgenerally in agreement with their work. We also 
carried out some work using PVC and Ag/Ag2CO3 electrodes, which will be 
discussed in the following pages. 
7.2.1. PREPARATION OF LIQUID MEMBRANE'ELECTRODE: 
The mechanically simplest arrangement of a liquid membrane electrode 
Is obtained by placing the ion-selective material, which is dissolved In 
a water-immiscible solvent, between the sample solution and an aqueous 
reference solution. p. 0rion liquid-membrane electrode(Model 
92) is based 
on such an arrangement, which is shown schematically in figure 7-1. A 
Millipore VC cellulose acetate support membrane with an average pore size 
of O. lM 11 and 4mm diameter, impregnated with the ion-selective solution 
acts as the membrane. Any ion-selective component lost is replaced from 
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Orion liquid-membrane electrode (model 92). 
(1) Plastic cap, (2) electric connection, 13) 0 ring; (4) 
rubber gasket; (5) inner reference electrode; (6) open. 
ing; (7) internal filling solution; (8) ion-selective liquid 
(ion exchanger); (9) electrode body (plastic); (10) 0 
ring; (11) membrane support (plastic); (12) 0 ring; (13) 
hollow cylinder (plastic) pressing on membrane; (14) 
liquid membrane (filter paper impregnated with 
ion-selective liquid). 
FIG 7-1 
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the reservoir 8 (as is shown in figure 7-1); this ensures a long life of the 
membrane electrode system. It should be mentioned that the support membrane 
is silylanized and is therefore hydrophobic. However, to form a stable inter- 
face, it is necessary that the membrane be soaked with the liquid ion ex- 
changer before the aqueous inner solution is added. The electrode was stored 
In air when not in use. The active liquid phase consisted of Adogen 464 
(methyl trialkyl (C6-C,, ) ammonium chloride: Aldrich Chemical Company Inc. 
U. S. A) dissolved in the special organic solvent. The salt was made up to 
1% (v/v). A mixture of sodium chloride and sodium hydrogen carbonate, both 
0.1mol/I was used as an inner reference solution. All measurements were 
carried out at 250C using the Mettler apparatus and stirred slowly with a 
magnetic stirrer. 
The organic solvent used to form the liquid membrane, trifluoroacetyl- 
p-butyl benzene, (CF 3- co-C 6H 4- CH2-CH 2- CH 2- CH 3) was synthesized 
by a Friedel- 
Crafts acetylation of butylbenzene with trifluoroacetic anhydride and an- 
hydrous aluminium chloride catalyst(4). This solvent was synthesized by 
M. Hetmanski and N. Hughes in A Organic Dept of Newcastle 
University. Gas 
chromatographic analysis indicated that impurities are very low. The 
NMR spectrum confirmed the structure of the solvent. 
7.2.2. EXPERIMENTAL RESULTS FOR E VS-pa co 2- 3 
Plots of e. m. f. vs. pa 2- wereobtalned 
(e. m. f. measured. against a CO 3 
-saturated calomel reference electrode). Three different electrodes of the 
I 
same type were prepared and calibration curves were obtained for each. The 
results were the same for all electrodes. Each exhibited Nernstian 
-2 
response to carbonate concentration in the range 5xlO, moll] to about 10-7 
mol/I of 28-29 mV/dec. (see figure 7-2). All electrodes had response 
times, depending on the concentration employed, of 30s to 2mins. Due to the 
tendency for carbon-dioxide from the atmosphere to penetrate the carbonate 
solution, It is essential to'cover the solutions and'experimental cell. 
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In the calculations for obtaining the calibration curve, it has to be 
considered that, carbonate ions co-exist with bicarbonate ions in pH- 
dependent equilibrium. So it is important the pH of the solutions be re- 
corded, then by using the-., pH values and equilibrium constant K 21 the ratio 
of carbonate to bicarbonate ions can be estimated with the following eq- 
uation: 
(CO 2- )/(HCO-) =K /(H+) 2 
The modified version of equation (12a) in chapter 2 was used to ob- 
tain the activity of carbonate ions in different solutions as follows: 
2- =K K YCO 2-C T /(a 
2 
'-Yco 2- +KIaH+. (yC02-/y H CO-) +KIK 2) 
(2) 
co 3123H3 
Where a CO 2- is the activity of carbonate 
ions and -yC02- and YHCO- are the 
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activity coefficents of carbonate and hydrogen carbonate. CT is the total 
concentration of carbonate species and aH+ Is the activity of hydrogen ions. 
In the other series of experiments the composition of active liquid ph- 
ase was varied by replacing Adogen 464 with otherýmaterials as the follow- 
Ing list. 
a) Tricaprylyl monomethyl ammonium chloride 75%(ICN Pharmaceuticals Inc.; 
Life Science Group. Plainview, New York. U. S. A. 
b) Adogen 464 A0944(Cambrian Chemicals 
c) Aliquat 336(General Mills Chemicals). 
The results were the same as_previously obtained. 
In the other series of experiments, effect of support membrane was in- 
vestigated. The following membranes were used: 
VS WP lOrrp : (Mi II ipore Corp. Mass. U. S. A. , Bedford, Massachusetts) . 
2) OX01X 0.45p : (Oxoid) 
3) VP 0.1v : (Millipore Corp. Mass. U. S. A., Bedford, Massachusetts). 
4) PS ED02510 Millipore Pellicon : (Millipore Corp. Mass. U. S. A., Bedford, Mass). 
A better calibration curve was obtained by using the last membrane. 
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7.3-1. P. M. MEMBRANE: 
The P. M. membrane which was used in the experiments to-obtain the 
calibration curves, was made by adding the active material to dissolved 
P. V. C. (BDH mwt 200,000) in tetrahydrofuran THF (AR grade, BDH). This 
mixture was transferred into a casting pot (5) made of PTFE (Fluon, ICI). 
Excess solvent was allowed to evaporate in a controlled manner over a 48hrs. 
period. The membrane, which had a diameter of 20mm and a thickness of 
0-5mm, was removed at the end of this period. 8mm diameter membranes 
were cut from the master membrane and glued on the 10mm (O. D. ) P. M. 
cube with P. M. /THF paste and used in electrode form as shown In Fig 7-3. 
The internal reference solution was the same as Orion electrode and 
Ag/AgCI was used as an internal reference electrode. 
Calibration curves were obtained using this electrode. At the first 
attempt the electrode did not respond well, but after 5 days of soaking 
of the electrode in 0.01 mol/I Na 2 CO 3 solution it showed better response. 
But the slope was 25mV/dec. (See figure 7-4). Also it should be men- 
tioned-that since there is. no reservoir for the active material for the 
electrode, it is not expected to have a very long life time. 
ýq. LA a2ý-o 3 ELECTRODE: 
The procedure for making such an electrode is the same as for the 
Ag/AgCl electrode except_that the electrode was electrolyzed for 2 hours 
with 200 mA/cm 
2 in 0.5 mol/1-Na CO solution(6). 23 
Thirteen electrodes of this type were made. Again e. m. f. measure- 
ments were carried out with respect to a saturated calomel electrode at 
25 0 C. Plots of E against -log(CO 
2- ) were obtained for the'different 3 
electrodes in solutions of Na 2 CO 3 with a concentration range of 
10.1to 
10-5 mol/l. The 'Nernstian slope for different electrodes varied between 
28 to 30 mV/dec. In figure 7-5 a calibration curve is shown for an Ag/Ag2CO3 
'I vi 
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electrode. Also it has to be mentioned that these electrodes worked 
better than the previous ones and they should have a very long-life 
expectancy, butý it can not be used below pCO 4. 3 
7.5-1. DISCUSSION: 
This is the first time three carbonate electrodes of different kinds 
have been used and compared at the same time. The result for liquid membrane 
carbonate electrode were the same as previously obtained by Herman and 
Rechnitz(1,2).. A similar electrode with a quarternary ammonium salt was 
reported to be a bicarbonate-selective electrode by Khuri et al (7). 
The liquid-ion exchanger consisting of a 3: 1: 6 mixture of tri-n-octylpropyl- 
ammonium chloride to octanol to trifluoroacetyl-p-butylbenzene, differs 
in composition and the organic solvent (octanol). According to Khuri 
et al., the electrode gave a response of 55mV/dec., in a range of 10-1 to 
10- 4- mol/t NaHCO 3 solutions. But this electrode 
is not useful for "real', 
systems since its selectivity for hydrogen carbonate over chloride ion is 
very low (3). 
According to Herman and Rechnitz's work, when tri f)uoroacetyl -p-bqtyl benzene 
was substituted for I-decanol the observed "bicarbonate" response became 
sigmoidal (3), and selectivity for carbonate over NaHCO 3 became too high to 
be measured. No apparent deviation from Nernstian behaviour was observed 
even when the concentration of hydrogen carbonate was about 1000 times that 
of carbonate (3). Since In the present work t? ifluoroacetyl-p-butyl benzene 
was used as a solvent, therefore it was not expected that hydrogen carbonate 
would be an interferent ion. Our experimental results proved this as shown 
in figure 7-2. 
Also attempts were made to use P. M. membrane electrodes. The obtained. 
Nernstian slope was 25 mV/dec. on a range of 10- 
1 to 10-5 mol/I of Na 2CO3 
solutions. Because of the absence of the reservoir for the active materials 
for this kind of electrode, so it is not expected to have a very long-life 
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time. This is a disadvantage for P. M. membrane electrodes. Attempts made 
to use also Ag/Ag2CO3 electrodes. As mentioned previously these electrodes 
were the most reliable ones among the three different types of electrodes 
described in this chapter, But it has to be mentioned that Ag/A92CO3 ele- 
ctrode has its own limitation, because of the solubility of A92CO3 - 
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8.1.1. INTRODUCTION: 
The isopiestic technique was applied to obtain osmotic coefficients 
of K2 CO 3 and NaHCO 3* It is a simple and powerful method applicable to 
non-volatile solutes dissolved in a volatile solvent. By using molalities 
of the isopiestic solutions(l) (solutions in isopiestic equilibrium), where 
one of the salts is a reference with a known osmotic coefficient, the 
osmotic coefficient of the unkown salt can be calculated by using the 
following equation, where v, m and ý indicate moles of ion per mole of 
salt, molality and osmotic coefficient of ions, respectively. 
VIM0, 'V2m? 2 
(I) 
This method demands good thermal control between solutions (2). 
EXPERIMENTAL APPARATUS AND PROCEDURE. 
The isopiestic apparatus consists of the following parts. 
a: Bath: To maintain a constant temperature for the experiments a water 
bath was used, the temperature of which was regulated by a Haake type E3 
proportional thermoregulator to within ± 0.01 
OC at 25 0 C. The outer walls 
of the bath were covered with an insulating material(polystyrene 
). The top 
of the bath was also covered with the same material to minimize the evap- 
oration of water and the heat exchange between water and the atmosphere. 
b: Glass Desiccators: Four identical desiccator vessels were used. These 
must maintain vacuum , and keep out bath 
liquid. Ateflon tap (Corning Ltd. 
Stone, Staffordshire, UK) wai used for closure. In order to speed up 
equilibration between the solutions in a desiccator, it is necessary to 
remove most of the air (a pressure of about 17 mm Hg was employed). 
This was carried out by means of a water aspirator 
followed by a 
mechanical pump. Grease Apiezon type ILI was used to sea] the desiccator 
lids . Also to avoid concentration gradients and speed 
up equilibrations, 
desiccators were rocked, at a rate of 20 cycles per minute, using an electric 
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motor. Rapid heat distribution was required inside the desiccators. 
Brass plates (2-5 cm thick and 20 cm in diameter) were used. The exper- 
imental cups were placed on these metal blocks within the desiccators. 
c: Isopiestic Cups (or dishes): These ideally should have very hibh 
thermal conductivity and be unreactive with the chemicals inside the 
cups. So gold-plated silver flap lid dishes were used. The cups were 
tightly capped when desiccators were opened for weighing after equilibrium, 
this was vital to avoid evaporation or condensation of water vapour. 
Solutions of Na 2 CO 3 or NaHCO 3 and the reference electrolyte(s) 
were freshly prepared on the day equibrations were begun. The empty cups 
were weighed; 2ml of solutions were placed into each cup which was then 
rapidly closed and weighed again. The reference cups and the other cups 
(four of each) were placed alternately on the brass plates in order to minim- 
ize effects of temperature gradients. 
All weighings were carried out using a Mettler type A30 automatic 
electronic balance, having bn imprecision of 0.1 mg. This allowed the 
weighings to be performed very rapidly, thus minimizing any evaporation 
losses from the cups. 
The evaporation loss rate was measured and found to vary from 0.03 
to 0.06 mg per minute which was considered to be negligible. All weighings 
were done within 5 minutes of the opening of the desiccators, relative 
to an N. P. L. standard weight. Test of accuracy of the apparatus and the 
procedures were performed. by doing an inter-comparison of KCI and NaCl 
solution. The results were in agreement with the best literature values(3). 
Few measurments were also carried out with NS 2 CO 3 and NaCl solutions 
to test the accuracy of the apparatus . This was 
done by comparison of the 
obtained values with the literature values (9). In figure 8-1 the ratios 
0 
of isopiestic molalities (mNa CO /m NaCl 
) of present work is shown along 
23 
with Robinson and Macaskill result(9),. Ag isclear, the results are In a 
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good agreement. This is strong evidence for the accuracy of our apparatus, 
procedure and the available literature data values. 
8.3-1. ISOPIESTIC MEASURMENTS FOR K 22 3, L 
Ground Analar K2 CO 3 
(BDH- Poole, UK ) was dried at 300 0C for 4 days 
and stored in a desiccator containing sieves + drierite as a drying reagent. 
Since it is very difficult to remove the moisture content of K2CO3 ' and 
mass spectroscopy gave clear evidence of the water content of dried K2 Co 3' 
a titration analysis, was carried out using the Mettler apparatus producing 
the first derivative curves . Solutions wrth different molalities were 
prepared from this solid( after determination of the assay by titration) and 
boiled-out degassed double distilled water. 
The reference electrolyte (NaCl) was prepared under the same conditions 
after drying Analail NaC*l (BDH) at 1400C for 48 hours. For higher molalities 
CaCl 2 was used as a reference electrolyt'e. A stock solution of CaCl 2 
(near 
the saturation point) was prepared in degassed double distilled water and 
the molality of the solution. determined gravimetrically. -This solution was 
used and diluted for lower molalities as the experimental measurements required. 
8.3.2. RESULTS AND CALCULATIONS: 
The results of the isopiestic measurments are given in table 8-1. In each 
case the given molatily is the mean value obtained from three cups contained 
in a given desiccator. 
In performing the calculations, we have adopted the following equation 
for the osmotic coefficient(ý ): 
+((A, )/(B3, ))(-(, + B11))+ 21n(l + B11) + 1/(l + B11) + 
jCm + 2/3 Dm 
2+ JEm3 + (2) 
The corresponding equation for the mean activity coefficient ( Y") is as follows; 
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2 
ln(y±) = (-AIII/Cl + B11)) + Cm + Dm + Em3 + (3) 
In these equations, A, and A2 are constants(4,5). For 2-1 electrolytes in 
water at 250C AI and A2 are 2.3525 mol-l. kg-l and 0.92238 mol-1/kg respect- 
ively, m is the molality and I Is the ionic strength on the molality basis 
-assuming complete dissociation. B, C, D, E, etc. are adjustable parameters. 
Using the isopiestic molalities from table 8-1 , osmotic coefficients 
for K CO have been calculated. The evaluated values (4,5) of ý for NaCl 23 
and CaCl 2 solutions were used. 
The values of the parameters in the above 
equations were calculated. A previously documented least-squares procedure 
was used(4.5,6, ). These values are given In table 8-2 together with their 
standard deviations. Table 8-3 contains activity and osmotic coefficients 
calculated at a selected molalities using the above equations and the 
coefficients given in table 8-2. Also standard deviations of calculated 
values of InY± and Y± at selected molalities are given at the bottom 
of table 8-3. 
8.3-3. DETERMINATION OF SOLUBILITY'OF KJO : 
The solubility of K 2C03 in water at 25 
0C is quoted(7) as 8.110 mol Ag. 
We have measured the solubility by both equilibation and t1tration analysis. 
In the first case solubility was determined by equilibrating a solution con- 
taining an excess of K2CO 3 with a sl. ightly undersaturated solution of 
K2 CO 3 
The vapour pressure of the saturated solution remains constant during the 
approach to equilibrium, while that of the other solution decreases and its 
concentration increases; at equilibrium, so that it has the concentration 
of the saturated solution. By this method, the solubility was found to be 
8.1018 mol/kg. By titration of a solution which was In equilibration with 
solid K2 co 3 (for a month at 
2500 the solubility was found to be 8.097mol/kg. 
All of these three values are in a good agreement. I 
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(TABLE 8-1 - ISOPIESTIC MOLALITIES) 
m NaC1 
(mo 1 /kg) 
... 
MK2 Co l' 
('m*0'1 /kg) 
0.07453 0.04922 
0.1784 0.1352 
o. 4loo 0.3163 
0.6739 0.5290 
i. 14og 0.8965 
1.3550 l. o650 
1.6551 1.2900 
2.1712 1.6763 
3.2612 2.4438 
4.2648 3.1107 
5.3383 3.7830 
5.3452 3.7761 
m CaCl- 
(, mo. ] k g. ) m K-Oý 
(mo I /k g) 
2.1984 3.0733 
2.7384 3.9139 
3.0764 4.4304 
3.2619 4.7110 
3.6717 5.3411 
4.0595 5.9498 
4.0824 5.9704 
4.2367 6.1783 
4.5272 6.6098 
4.6536 6.8100 
4.8701 7.1359 
4.9336 7.2367 
5.1755 7.6120 
5.2547 7.7301 
5.3424 7.9818 
5.4659 8.1018 
5.4935 8.2189 
** ******* ****** **; ** ** * ***** **** ***** **** ****** ****** ****** 
TABLE 8--2 COEFFICIENTS OF CORRELATING EQUTION (NO. 2) 
Parameter: STD. Dev. 
1.363441936 0.348xio- 
I 
-0-5974782091xlO- 
1 0.129xlO- I 
0.57111518o4xio- 0.270xlO -2 
-0-3166823891 , 0.187xlO 
3 
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TRE 3-3: 
WA4 IONIC ACTIVITY AND OSMOTIC COEFFICIENTS 
OF AQLEOUS K2CO3 SOLUTIONS AT 250C 
MOLALITY GAMMA PHI MOLALITY GAMMA PHI 
0.001 0.8870 0.9614 1.500 0.2854 0.8436 
0.002 0.8479 0.9477 . 1.750 0'. 2855. 0.8663 
0.003 0.8205 0.9380 2.000 0.2882 0.8920 
0.004 0.7990 0.9303 250 2 0.2932 0.9204 
0.005 0.7810 0.9238 . 2.500 0.3003 0.9513 
0.006 0.7655 0.9182 2.750 0.3095 0.9945 
0.007 0.7520 0.9133 3.000 0.3207 1.0199 
0.008 0.7398 0.9089 3.250 0.3339 1.0571 
0.009 0.7288 0.9049 3.500 0.3492 1.0961 
0.010 0.7188 0.9012 3.750 0.3665 1.1366 
0.020 0.6485 0.8755 4.000 0.3860 1.1784 
0.030 0.6049 0.8597 4.250 0.4079 1.2213 
0.040 0.5736 0.8485 4.500 0.4320 1.2650 
0.050 0.5493 0.8400 4.750 0.4587 1.3094 
0.060 0.5296 0.8332 5.000 0.4880 1.3542 
0.070 0.5130 0.8276 5.250 0.5199 1.3993 
0.080 0.4989 0.8230 5.500 0.5547 1.4443 
0.090 0.4866 0.8190 5.750 0.5923 1.4892 
0.100 0.4757 0.8156 6.000 0.6328 1.5336 
0.200 0.4082 0.7973 6.250 0.6763 1.5774 
0.300 0.3731 0.7909- 6.500 0.7227 1.6203 
0.400 0.3505 0.7889 6.750 0.7720 1.6622 
0.500 0.3345 0.7893> 7.000 0.8242 1.7027 
0.600 0.3225 0.7912 7.250 0.8790 1.7417 
0.700 0.3133- 0.7942 7.500 0.9362 1.7790 
0.800 - 0.3061 oý7981 7.750 0.9955 1.8143 
0.900 0.3004 0. (3027 8.000 1.0565 1.8474 
1.000 0.2958 0.8080 8.219 1.1110 1.8745 
1.250 0.2885 0.8241 
MOLALITY S(PHI) S(LNGAM) S(GAM) 
0.001 0.0001 0.0002 0.0002 
0.010 0.0007 0.0015 0.0011 
0.100 0.0026 0.0069 0.0033 
1.000 0.0025 0.0130 0.0038 
2.000 0.0025 0.0123 0.0035 
5.000 0. '0021 0.0120 0.0058 
8.219 0.0049 0.0120 0.0134 
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8.4.1. DETERMINATION OF THE OSMOTIC COEFFICIENTS OF NaHCO 3 SOLUT_IONS: 
The experimental apparatus was the same as for K2 CO Y In this case, 
NaHCO 3 solutions were placed in experimental cups immediately after prep- 
aration, NaCII solutions were used as a reference electrolyte. Since there 
is appreciable vapour pressure of CO 2 above such solutions, the desiccators 
were evacuated to a pressure of about 25 mmHg and flushed 3times with CO 2 
gas to replace the air in the desiccators, and then refilled with CO 2 to a 
pressure of about 70mmHg. The pressure of C02 in the desiccators retards 
the following process; 
2NaHCO 3ý Na 2 Co 3+ H20 + C02(g) 
Subsequent to the equilibration, which lasted 14-30 days, the desi- 
ccators were removed from the bath, opened and the cups closed rapidly, and 
weighed within five minutes. The compositions of the solutions were. det- 
ermined by ti tration with HCI of known concentration, using the Mettler 
apparatus. The first derivative potentiometric curves were obtained with 
a Radiometer glass electrode and saturated calomel reference electrode. 
The titrations were carried out serially immediately after weighing the 
dishes. The results of these analyses enable the determination of the 
molalities of NaHCO 3 and Na 2 CO 3 in the cups. The results of titrations 
obtained from different dishes were extrap6lated to time equals 0 corre- 
- sponding to. the time when the desiccators were initially opened. Isoplestic 
molalities are shown in table 8-4. 
Using the following equation; 
ýmix ýý (V") ref/ 
Eions(mi) 
where: E ionsmi ýý mNaHCO 3+ 3mNajCO 3 (6) 
Values of ýMix were calculated and are shown in table 8-4. The ionic 
strength fractions, also given in table 8-4,. of sodium bicarbonate and 
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sodium carbonate were calculated from: 
YNaHCO 
3=1 NaHCO 3 
/1 
total 
YNa 
2C0 3=1 Na2C0 3 
/l 
total 
In order to estimate the osmotic coefficients of pure NaHCO 3' it has been 
assumed that: 
0 ýmix YNACO 
3* 
ýNaHCO 
3+ 
YNa 
2 Co 3* Na 2 Co 
(9) 
Where "o" designates the osmotic coefficient of the pure electrolyte eval- 
uated at the total ionic strength of the mixture. Thus from measured 0 mix 
and and CO , and knowing the values of 00 
from YNaHCO 
3 
YNaHCO 
3 
YNa 
23 Na 2 CO 3 
the work of Robinson and Macaskill (9) calculated values of 0 are ob- NaHCO 3 
tained and given in table 8-4. The present results and Pitzer's values, 
calculated from Harned's (10) measurements, are also shown in figure B-2. 
8.5-1. DISCUSSION: 
First of all it should be mentioned that the Pitzer's evaluated values 
for osmotic coefficients are the best values previously obtained. The 
difference between our results and these values may be due to the following 
factors: 
1) Change in initial concentration of m1 (for NaHCO 3 
), since Harned et al. 
were dealing with the following electrochemical cell: 
Pt, H 2' Co 2 AaHCO 3 
(m 
1), NaCI(m 2), Co 2 
(m 
3)/ AgCI, Ag and 
. ind in Pitzer's calculation for osmotic coefficients 
it was assumed 
that m, was not varied. However the presence of excess CO 2 in NaHCO 3 solutions 
(in above cell) would form the new species described previously according to: 
0 
Co 2+H20+ NaHCO 3 -ý NaH 3c206 
In addition, the possibility of loss of, carbon-dioxide would also 
208, 
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bring about a change in the concentration of initial NaHCO 3 
(m 
1) according 
to the process 8-4. Minor changes in the pH of solution, and the pressure 
of. carbon-dioxide gas, would also cause changes in mV 
In the'following table, the concentration of total CO 2 is shown as a 
function of PC02 (mmHg) and pH for a system containing 0.02mol/I NaHCO 3 
at 380C (12): 
pH PCO 2 
(mmHg) Total CO 2 
(mmol/1) 
6.1 639 39.8 
6.6 200 26.3 
7.1 63 22.0 
7.4 31.6 20.9 
7.6 20.0 20.6 
8.1 6.1 ig. 8 
8.6 1.77 18.9 
9.1 0.45 17.1 
9.6 8.8xio -2 14.3 
lo. 6 i. 4oxio-3 10.2 
il. 6 7.9xlO- 
6 
5.1 
11.9 0.00 0.0 
2) Difference in experimental methods and data treatment could be another 
factor for these differences. However the differences are within the exper- 
imental error, at m>0.7mol/kg. 
It is necessary to mention that, the accuracy of equation 8-9 was 
tested for a mixture of NaCl, Na 2 CO 3' using the values obtained 
by White et 
al (13). Again values of 0 was taken from Robinson and Macaskill's Na 2 CO 3 
publication(9) and values for ý0 was taken from Hamer's reference data(3). NaCl 
For example for a mixture of NaCI, Na2 CO 3 with ion-strength 
fraction of Na 2 CO 3 
(yNa 
2 CO 3) 
of 0.1713 and tolal ionicstrength of 1.047 (one of the nearest data 
to our experimental values ), White's calculated value for ýmjx Is 0.9056 
and our calculated value for this mixture by using the equation 8-9 is 
0.9053(AO = 0.0003). Further checks were carried out, the values of Aý were 
not significant. 
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9.1.1. DISCUSSION, CONCLUSIONS AND FUTURE WORK: 
The aim of this work was a systematic study of the carbonate system, 
in particular the study of the derivative of the potentiometric titration 
curves. Mathematical consideration of the course of neutralization of a 
solution containing a1 moles of a strong base (e. g. sodium hydroxide) and 
(a 
2= ka I) moles of a salt of a weak dibasic acid 
(e. g. sodium carbonate) 
with a strong acid (e. g. hydrochloric acid) shows that the first derivative 
of the potentiometric titration curve should contain three maxima. The 
first corresponds to the neutralization of most of the hydroxide, the second 
and third peak correspond to conversion of carbonate ions to bicarbonate Ions 
and bicarbonate ions to carbonic acid respectively with approximate heights 
of 350 + 2k)al /0,49.9 (1 + 2k) /k and 0.5 (1 + 2k)a' / (K 1 k)l . 
Figures 3-1,3-2 and 3-3 show the results of titrations of 25ml 0.04 
mol/I sodium hydroxide containing different mole % of sodium carbonate with 
0.25 mol/I hydrochloric acid using a glass electrode. It is clear that the 
second peak does not increase relative to the third as predicted by the ratios 
1: 45.08/kl: 21.3 for a1 =0.001moles. The reason lies in the appearance of 
an additional, unexpected maximum which appears between the second and the 
third peak in the titration curves (see figures 3-1,3-2 and 3-3). 
The glass electrode could have been responsible for the appearance of 
the extra peak in the titration curves. Therefore, different glass electrodes 
were used and different treatments were carried out, with particular emphasis 
on properties of the glass electrode surface before using the electrodes In 
the titration process. Gel layers of different glass electrodes were removed 
by etching the electrode with HF solutions and new gel layers were developed 
on the surface of these electrodes. The electrodes were soaked in NaOH, Na 2 CO 3p 
NaHCO 3'H2 so 4 and HCl solutions of different concentrations and time lengths, 
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in different buffer solutions, and other treatments were tried which have 
been described in detail in chapter 3. Then the electrodes were used in 
the titration after each treatment. In all cases, the extra peak was recorded; 
different glass electrodes gave the same results and these treatments had no 
noticeable effect on the position and height of the extra peak. Also the 
additional peak was present when a Rh/Rhoxide electrode was used as a working 
electrode. Similar results were obtained with quinhydrone electrode. 'How- 
ever, it must be mentioned that soaking of glass electrodes In ferric Ions 
solution-(in pH = 2) results in an increase in speed of response of the 
glass electrodes. 
Evidence suggests that the extra peak is a property of the t1tration 
solution which is detected by the electrodes. Experiments were carried out 
to investigate the origin of the unexpected additional peak. The extra 
peak-was recorded after the appearance of the second peak of the titration 
where all carbonate ions had been converted to bicarbonate ions. Between the 
second and the third expected peak of the titration process, bicarbonate ions 
are converted to carbonic acid, and then part of the carbonic acid produced 
dehydrates to carbon dioxide. Therefore-it-can be concluded that the addition- 
al peak is due to the existence in the-solution of remaining sodium bicarb-, 
onate , carbonic acid and carbon dioxide produced. The rate of addition of 
hydrochloric acid, that is the rate of production of carbonic acid, which is 
partly converted to carbon dioxide, has an effect on the. position of this 
unexpected maximum. Since there is a kinetic stage involved in the 
hydration and dehydration pr9cess of carbon dioxide in aqueous solutions, 
then this kinetic stage could be responsible for the existence of the extra 
peak. Computer modelling of the titration curves with rate constants from 
the literature (1,2) was carried out but it did not exhibit the additional 
peak and the only effect of introducing the kinetic stage was a slight 
decrease in the height of the middle peak in the theoretical titration 
curves. Therefore, this definitely proves that the extra peak Is not solely 
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due to kinetic effects, but the extra peak represents a discrete species 
which was formed in the titration process. ' 
According to Edsall (2) the measurements of dehydration rate constant 
for carbonic acid made at acid pH values tend to give higher than those made 
at neutral pH, or in buffered solutions in the pH 6 to 8 region. Also, 
in 1961 Koefoed and Engel (3) carried out investigations on the kinetics 
of carbon dioxide hydration on solutions of sodium bicarbonate which were 
kept saturated with carbon dioxide. They detected an acid catalysis and 
catalysis by hydrogen carbonate and carbonic acid for the hydration process 
of carbon dioxide. Also they concluded that a polymeric carbq'ic acid 
intermediate as shown in the following figure was present in, sodlum bi- 
carbonate solutions saturated with carbon dioxide. 
HO OH OH 
HO CH OH 
HO-C -0 -C/ / C- 
O-C NýIOH 
01 
ý'ýOH 
HO 01 
"+ H* +0\c0+ H+ F1 Nz- 
01 /OH HO 
/ \0\ I 
/OH 
HO-C-0-c C- O-C'*-I 
/\ \OH OH 
HO CH HO OH 
Figure 9-1- Effect of pO'Iymeric carbonic acid on 
hydration process of carbon dioxide. 
Formation of such an intermediate could be the cause of the extra peak in our 
titration curves. However, further analysis of our experimental results will 
give a better identification of such a species as described below. 
As shown in chapter 3 by increasing the temperature of the titration 
solution from the normal titration temperature (250C), the extra peak moved 
nearer to the second expected peak of the titration and finally disappeared 
at above 50 0C and the second peak of the titration curve became sharper, but 
by decreasing the temperature the extra peak moved towards the. third expected 
peak of titration. This reflects the fact that since the dehydration process 
of carbonic acid is slow at low temperatures (2), and the solubility of 
carbon dioxide gas high at low temperature, the concentration of carbonic 
acid is also high at low temperature and its concentration is very low 
at high temperatures. Since the extra peak is not recorded at high temp- 
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eratures (above 50 0 C) , this is a very clear indication that carbonic acid 
is one of the species which takes part in the formation of the new complex 
species in the titration process. However, since the, extra peak indicates 
a protonation process in the course of titration, therefore the complex 
species should be an anion, so bicarbonate ions could be the other species 
which takes part in the formation of the complex. 
Increasing the rate of addition of titrant (HCI) has exactly the same 
effect as decreasing the temperature. Again this could be due to higher 
concentration of carbontc acid, due to an increase In the rate of production 
of carbonic acid in the titration process. Fast stirring of the solution 
reduces the concentration of dissolved carbon dioxide and therefore helps 
the dehydration process and decreases the concentration of carbonic acid. 
This will cause a decrease in the concentration of the complex species which is 
indicated by a shift in the position of the extra peak towards the middle 
main peak of the titration as is shown in figure 3-12. 
Bubbling of inert gases through the titration solution during the 
titration process again removes the carbon dioxide gas from the t1tration 
solution, and therefore inhibits the formation of the new complex. This is 
the reason for the extra peak not being recorded when nitrogen gas was 
bubbled through the titration solution. Again, in the absence of the extra 
peak, the middle peak became sharper. Also, the titration curves obtained 
with the hydrogen gas electrode as a working electrode were identical to 
the latter case; this is adain. due to the bubbling of hydrogen gas through 
the solution (see figure 3-16). 
Addition of alcohols removes the extra peak from the titration curves 
as is shown in figure 3-17. This is because of the greater affinity of 
carbon dioxide for certain organic compounds which contain both more 
t 
hydrophobic and strongly polar groups than water molecules (2). Therefore 
the existence of such compounds in the titration solution would have an 
effect on the dehydration process of carbonic acid and remove the extra 
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peak from the titration curves. In the addition of alcohols with larger 
side groups into the titration solutions, it is expected that the smaller 
amount of alcohol would be required to make the peak disappear. Our exper- 
imental results proved this. The required mole fractions for the dis- 
appearance of the peak for methanol, ethanol and t-butanol were 0.25, 
0.19 and 0.12 respectively. For the same reason addition of tetramethyl- 
ammonium chloride had the same effect on the titration curves. 
The extra feature was not recorded when a trace of bovine carbonic 
anhydrase enzyme was introduced into the titration solution. This could 
be due to an inhibiting effect of carbonic anhydrase on the formation of the 
new species. 
It is not surprising that the change of cation from Na to K or 
back titration with calcium hydroxide, or change of solvent from H 20 to D20 
had no significant effect on the appearance of the extra peak, simply 
because these changes have no noticeable effect on the dehydration process 
of carbonic acid. 
These conclusions are also proved by the results of titration where 
a carbon dioxide electrode was used as shown in figure 4-2 where, titration 
curves for a glass electrode together with the corresponding first derivative 
titration curves for a Radiometer carbon dioxide electrode are shown., As is 
clear, the peak for the carbon dioxide electrode corresponds to a position 
where the extra peak appeared in the normal titration curves which were 
obtained by using a glass electrode. Since the main peak of titration 
only reflects the finishing stage. of conversion of dissolved carbon dioxide 
to sodium bicarbonate in these titrations, therefore this is a clear 
indication of the fact that between the extra peak and the main second peak 
of neutralization, another species existed which was not detected by the 
carbon dioxide electrode. 
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This evidence suggests that the additional peak is due to carbonic 
acid and hydrogen carbonate ion complexation forming a new species in 
aqueous solutions according to the following process: ý 
H2 Co 3+ HCO 3=H3c20 
However, since there is a kinetic stage involved in the hydration and 
dehydration process of the conversion of carbon dioxide to carbonic acid 
in aqueous solutions, therefore naturally a kinetic stage Is involved In 
the formation of such a complex species. The most probable structure for 
this anion species could consist of two planar carbonate moieties linked 
by bridge hydrogen-bonds to the oxygen atoms. Existence of such strong 
(0-H-0) hydrogen bonds was also confirmed recently by Emsley (4). 
A previously documented program was used to generate a computer plot 
of the structure of this new species. The bond length values of C-0 and 
H-0 were taken from Edsall (2) and Brown (6) respectively. The computer 
plotted structure of this molecule is shown in figure 9-2. 
Comparing figure 9-1 with figure 9-2 makes clear that Koefoed and Engel 
assume that five carbonate molecules are polymerized through C-0 double 
bonds, but in this work it is assumed that polymerization occurred through 
hydrogen bonds (0-H-0), and only two molecules of carbonate took part In 
such polymerization. 
It has to be mentioned that sodium sesquicarbonate is one of the carbon- 
ate species which exists in crystal form naturally as the mineral, trona, 
and can be prepared synthetically (9). The structure of sesquicarbonate Is 
very similar to the proposed new species, since it consists of one molecule 
of carbonate and one molecule ofIbicarbonate (Na 2 CO 3* NaHCO 3* 2H 2 0) and the 
new species in solution consists of a molecule of carbonic acid and a 
v 
bicarbonate ion (H CO HCO-). The only difference is two protonation stages. 2 3* 3 
According to investigations of the structure of sodium sesquicarbonate 
I 
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v 
I 
*44 4o 44*04**44#44# 
THE NEU ANION SPECIES PROBABLY 
CONSISTS OF TWO PLANAR CARBONATE 
MOIETIES--L-INKED-BY BRIDGE HYDROGEN 
BONDS TO THE OXYGEN ATOMS*. 
FIG 9-2 
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crystals by Brown and co-workers (6), two molecules of carbonate Ions 
are bonded together through the hydrogen bonds (0-H-0) with a bond length 
of 2.53 2, forming a complex anion species (HC 20 6) 
3- 
, 
As is mentioned protonation of this species yields di meri c-b I carbonate 
ions and then the new species as follows: 
(H C20 6) 
3- 
+H+ ! =t (H 2c206 
)2- +H+ -ý (H 3c20 
It can be concluded that the new species which is the subject of the 
present work is a form of existence of the sesquicarbonate in aqueous 
solutions at. neutral. pH. -Therefore-this 
is a strong circumstantial 
evidence for the existence of the new species and that Its structure consists 
of only two molecules of carbonate bonded together through three hydrogen 
bonds as mentioned before and shown in figure 9-2. 
The existence of the sesquicarbonate ions at pH 8.5 to 10.5 Is 
also probable, but because of the possible low concentration of this 
species and also'the low signal in the region of the first peak of the 
titration curve. -it is-not very easy to detect. 
According to the proposed theory which was described in detail in 
chapter 2, ' the minimum between the first and second peaks of titration 
curve is also independent of a; but as is clear from figures 3-1,3-2 and 
3-3 the height of this minimum varied in different curves. This could 
be taken as evidence for the existence of sesquicarbonate ions in aqueous 
solutions at pH 8.5 to 10.5. ' Logically therefore a dimeric, bicarbonate 
ion in aqueous solutions may exist as an intermediate between these 
two complex species. This would be very difficult to prove. Such an 
intermediate species is shown in the above protonation process. 
Attempts were made to detect this new species by using a laser 
Raman spectrophotometer, but because of the low concentrations of the 
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titration solution and therefore the very low concentration of the 
new species and also the existence of high noise produced by the formation 
of carbon dioxide gas bubbles in the sample tube, the detection of a signal 
from the noise was impossible. 
Also as described in detail in chapter 6 an equilibrium constant is 
associated with the above process and the appropriate equations were 
solved on the computer to obtain titration curves identical to the 
experimental curves. The corresponding equilibrium constant value was 
about 103. 
It should be mentioned that formation of such a species is not 
expected in isopiestic measurements of K2 CO 3 and NaHCO 3. For K2CO 3 
solutions this is completely out of the question because such solutions 
contain very low concentrations of NaHCO 3 and H2CO3 . Also titrations 
of isopiestic solutions of NaHCO 3 with HCl indicated that the composition 
of all the*solutions was a mixture of NaHCO 3 and Na 2CO3 ; therefore, 
because of lack of CO 2 or H 2CO3 species in these solutions the new species 
could not be formed. 
Attempts were made to use carbonate liquid membrane electrodes in an 
investigation of the new complex species. Electrodes were used In titrations 
to obtain the first derivative curves, but ihis was not possible because 
the response was too sluggish. This could be due to poor response of the 
electrode to NaHCO 3 ions 
(3) and also the presence of chloride ions. It 
has been mentioned that the selectivity of this electrode for hydrogen 
carbonate over chloride ions is very low (3). 
FUTURE WORK: 
I 
Because of the physiological and technicql importance of the new 
species and its existence in bicarbonate solutions cbntaining 
dissolved 
carbon dioxide (e. g. body fluids) further investigations could be very 
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useful to understand more about the kinetics of formation of the new species. 
A pH stat technique will be a very useful method to investigate this. 
Further investigation of the existence of sesquicarbonate ions and 
dimeric bicarbonate ions in aqueous solutions could be the subject of further. 
research work. This could be approached by computer analysis curve fitting 
of titration data. 
Thermodynamic values for mixed electrolytp of sodium chloride and 
sodium hydrogen carbonate also has a great importance to physiological 
systems. This could be the subject of another Investigation, which could be 
approached by employing the isopiestic technique. 
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